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Abstract
A series of experiments using heat-treatment, carbon replication extraction,
single-pass rolling in the stable y region and in the (y+ a ) two-phase region have
been carried out to investigate the effect of Ti and Ti-Nb additions on the austenite
grain coarsening behaviour, the alloy carbonitride particle size distribution, y-> a
transformation and the restoration characteristics of deformed y and a in a series of
commercial slab cast 0 . 1 3 % C - 1 . 4 5 % M n base steels. T h e microalloyed steels
consisted of 0.016%Ti, 0.076%Ti, 0.025Nb and 0.019%Ti plus 0.024%Nb. The
T i : N ratios in the three Ti-bearing steels were ~2.66, 10.1 and 2.1, respectively.
Experimental results showed that the effective austenite grain boundary
pinning particles are T i N and T i N b N , and a T i : N ratio near to the stoichiometric
ratio (3.42) significantly increases the austenite grain coarsening temperature (GCT),
due to the substantially complete combination of Ti (or Ti and N b ) with N to form
fine dispersed T i N (or T i N b N ) particles. A high Ti level with T i : N ratio in excess
of the stoichiometric ratio resulted in a lower G C T due to the formation of coarse
T i N and Ti4C2S2 particles. Although N b alone does not strongly influence the G C T
due to the low solution temperature of N b ( C N ) . Ti-Nb additions resulted in a higher
G C T , which was still lower than that for a single Ti addition, because N b decreases
the stability of the Ti-rich nitride particles. A s expected, the G C T was a function of
holding time at temperature and decreased with increasing holding time.
Solution treatment and hot rolling after slab casting resulted in a decrease of
volume fraction of fine nitride particles, and a increase of m e a n particle size due to
the solution of fine particles, thereby lowering G C T . Re-precipitation of fine
particles during rolling and air cooling only partly compensated for the loss of fine
particles during reheating.
Ti and Ti-Nb additions retarded recrystallization of deformed y after rolling in
the stable y region ( > Ar3 ), particularly at temperatures <~950°C. After reheating
to 1260°C and rolling at high temperatures (>1100°C), the effect of Ti and Ti-Nb
additions on retarding y recrystallization w a s not significant, due mainly to the
solution of grain boundary pinning particles of T i N and N b T i ( C N ) . In the
temperature range -950-1100°C, the retarding effect of Ti and Ti -Nb on y
recrystallization was remarkable, due to the re-precipitation of T i N or NbTi(CN)
particles during or after rolling. W h e n rolling at low temperatures (<~950°C), Ti
and Ti-Nb additions substantially retarded y recrystallization, by retarding the
incubation time by 1-2 orders of magnitude and reducing the recrystallization rate,
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due to re-precipitated T i N in the Ti steel and re-precipitated and strain-induced
N b T i ( C N ) particles in the Ti-Nb steel.
For each steel there w a s a critical temperature for y recrystallization (T c ),
below which recrystallization of deformed y did not occur within holding times <
1800 sec, and the deformed y grains retained a "pancaked" shape. Ti and Ti-Nb
additions raised T c to ~ 8 5 0 ° C and 900°C, respectively, whereas T c for the C - M n
steel was ~800°C.
During and/or after rolling in the stable y region, y grains can be refined by
recrystallization. Further refinement can be achieved by decreasing the reheating
temperature before rolling, lowering the rolling temperature or increasing the rolling
reduction. However, there is a limiting extent of y grain refinement possible by
recrystallization.
W h e n rolling was performed at temperatures near the critical temperature (T c ),
deformation bands and deformed twin boundaries were produced in the y grains.
During the subsequent cooling, these boundaries acted as nucleation sites for a
grains and contributed significantly to refinement.
For the same reheating and rolling conditions in the stable y region, Ti and TiN b additions to the base steel led to finer initial y grains after reheating; retardation of
the recrystallization of deformed y; and suppression of the growth of recrystallized 7
grains. These effects resulted in fine recrystallized y grains, or high volume fractions
of unrecrystallized y, which transformed into fine a grains. These effects are due to
undissolved and re-precipitated T i N particles in the Ti steel; and to solute Ti and N b
atoms, and re-precipitated and strain induced NbTi(CN) particles in the Ti-Nb steel.
T h e effect of Ti alone on retarding y recrystallization w a s weaker than the
effect of Ti-Nb additions in the two low Ti steels, due to the smaller amount of Ti
than Ti plus N b , the smaller volume fraction of T i N compared with NbTi(CN), and
the finer initial y grain size in the Ti steel compared with the Ti-Nb steel. However,
Ti can exert a stronger effect than Ti-Nb additions on suppressing y grain growth
due to the higher stability of T i N than NbTi(CN).
Rolling in the (7+ a) two-phase region accelerated the y-> a transformation,
and the presence of Ti or Ti plus N b enhanced this accelerative effect.
In undeformed and lightly deformed samples, a grains nucleated mainly at 7
grain boundaries during and/or after rolling. In samples rolled with reductions higher
than the critical value, a grains nucleated at 7 grain boundaries as well as interiors,
mainly at the boundaries of deformation bands and deformed recrystallization twins.
Rolling in the (7+ a ) region is a 'hot-deformation' of the ferrite, and restoration of
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deformed a occurred during and/or after rolling, by static and/or dynamic recovery,
and static recrystallization. Deformed a grains changed into cell and/or subgrains or
equiaxed grains, depending on the degree of restoration, which in turn depended on
rolling reduction, isothermal holding time and the effect of the Ti and Ti-Nb
additions.
Recovery and recrystallization of deformed a proceeded rapidly in the C - M n
steel, but w a s sluggish in the Ti and Ti-Nb steels. T h e incubation time for
recrystallization of deformed a was retarded by 1-2 orders of magnitude in the Ti
and Ti-Nb steels compared with the base steel, resulting in higher volume fractions
of cell and/or subgrain structures in the deformed a, and correspondingly higher a
hardness in the Ti and Ti-Nb steels than in C - M n steel, for similar rolling and
holding conditions.
In the 0.016%Ti steel, retardation of recovery and recrystallization of
deformed a is due to the pinning effect of undissolved and re-precipitated T i N
particles on dislocations, a grain and subgrain boundaries. In the Ti-Nb steel
retardation of recovery and recrystallization of deformed a is due to solute-drag by
N b and Ti atoms in solution, and the pinning effect of re-precipitated and/or straininduced N b T i ( C N ) particles on dislocations and a grain and subgrain boundaries.
Dual Ti and N b additions exerted a stronger retarding effect on restoration of
deformed a than Ti alone, because of the higher volume fraction of NbTi(CN) in the
Ti-Nb steel than T i N in the Ti steel. However, the effect of Ti on stabilizing straininduced substructures in deformed 7 and accelerating nucleation of n e w a in
deformed 7 was stronger than that of Ti-Nb additions, especially in samples rolled
with m e d i u m reductions (15-30%). This observation is a result of the higher stability
ofTiNthanNbTi(CN).
Ti and Ti-Nb additions produced finer initial 7 and a grains after reheating
before rolling, and stabilized the strain induced substructures during and after
rolling. These substructures resulted in more nucleation sites for n e w a grains. Ti
and Ti-Nb additions also retarded recovery and recrystallization processes in
deformed a, resulting in higher volume fractions of cells and a subgrains. In
addition, Ti and Ti-Nb suppressed the growth of recrystallized a grains. All of these
effects led to higher hardness (and strength) in the microalloyed steels than in the CM n steel after rolling in the (7 + a ) two-phase region.
Rolling in the (7 + a ) two-phase region is effectively 'cold-working' of
austenite and during and after rolling, recrystallization did not occur in the deformed
7. Restoration of deformed 7 proceeded, in effect, by the strain-induced 7 -> a
transformation.
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Therefore, the microalloying additions of N b and particularly Ti to a
commercial 0.13%C-1.4%Mn base steel had a marked grain refining effect on both 7
and a which is a result of grain growth inhibition and retardation of restoration of
both 7 and a, during the hot rolling process.
The present work has clarified the role of micro-additions of Ti and Ti-Nb on
the grain coarsening and hot rolling characteristics of a C - M n base steel and makes
original contributions in terms of both the linking of particle size distribution data to
the grain coarsening behaviour during reheating, and the analysis of the effect of
microalloy additions on the structure and properties developed during two phase
rolling.
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Chapter 1

INTRODUCTION

2
1.1 OVERALL SURVEY OF HSLA STEELS
During recent decades, striking progress has been achieved in the field of high
strength low alloy ( H S L A ) steels. Major developments in H S L A steels have been
stimulated by the demand for:
• high yield strengths, for higher load-bearing capacity by lighter sections,
• a high degree of weldability,

• high resistance to brittle cleavage and low energy ductile fractures, as well as a
transition temperature,
• good cold formability, particularly by bending, as well as ductility and fracture
resistance in the through-thickness direction,
• low costs because of use of hot-rolled rather than heat-treated sections, and high
ingot yields.
High strength low alloy steels have met these stringent requirements to a great
extent, thereby being widely used for bridges and buildings, ships, pressure vessels,
tube and pipelines, and transport engineering and vehicles (1-5).
For high strength low alloy steels, the term " low alloy " means that these
steels contain low contents of alloy elements and minor specific strong carbide and
nitride formers." High strength " is used only in a relative sense in comparison with
ordinary mild steels; and yield strengths of 350-700 M P a (50-100ksi) are considered
high. T h e reason for a limitation in strength is that other properties and processing
considerations, such as fracture toughness, formability, weldability, reliability, and
overall costs must be weighed in the balance. Such optimization requires low carbon
contents (6).

3 0009 02934 6728
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It can be imagined that in a future of scarce raw materials and an energy crisis,
high strength low alloy steels m a y meet this challenge by offering an optimum
balance of properties per unit cost.
Increased strength of HSLA steels can be achieved by a number of methods
including micro-alloying, continuous casting and controlled rolling. The main
strengthening mechanisms are grain refinement strengthening, precipitation
hardening, and solid solution strengthening, with the first two being the most
important for H S L A steels.

1.2 GRAIN REFINEMENT STRENGTHENING AND AUSTENITE
GRAIN SIZE CONTROL
Among all of the strengthening methods, grain refinement is the only one that
can increase both strength and toughness. This feature can be qualitatively explained
on the basis that the grain boundaries act as barriers to dislocation movement, and if
grain size decreases, then in the same volume of steel, there would be more barriers
to dislocation movement, ie. the resistance to deformation will increase, and a higher
yield stress will result. At the same time, if grains are refined, deformation can be
shared by more grains, so steel having finer grains can undergo larger deformations
without fracture, ie, the toughness is increased.
Grain refinement strengthening can be understood by relating the grain size
quantitatively to the yield stress according to the Hall-Petch equation (7):
a y = O i + ky-d-i/2

[1]

where: ay = yield stress, a_ = friction stress opposing dislocation movement in the
grains, k y = unpinning constant measuring the extent to which dislocations are piled
up at barriers, and d = grain diameter.
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It is obvious that G y will increase as d decreases, ifCTjand k y are treated as
constants for a given steel. A relationship of this form has been found to apply over
grain sizes between 0.3 p m and 400 |im in ferritic steels.
High strength low alloy steels which have been widely used are those with
ferrite-pearlite structures. For these H S L A steels, the matrix is ferrite, and the best
strengthening process is that associated with a refinement of the ferrite grains, which
increases the yield strength and decreases the impact-transition temperature. M a n y
studies have helped to quantify the relationships between microstructural and
compositional parameters and the mechanical properties of such steels (8,9,10).
S o m e typical equations developed to describe the properties are:
Yield Stress (MPa) =
15.4x[3.5+2.1x(%Mn)+5.4x(%Si)+23x(%N f )+1.13xd- 1 / 2 ]

t2l

Impact Transition Temperature (111) °C =
-19+44x(%Si)+700x(%N f ) 1 ^+2.2x(%Pearlite)-l l^xd"1'2

[3]

where: Nf = the "free" nitrogen content, d = the ferrite grain size in fim, and th
compositions are expressed in weight per cent (8,9,10).
The beneficial effect of ferrite-grain refinement is clear, as is the detrimental
effect of pearlite on the 111.
Because the ferrite is produced by phase transformation from austenite,
austenite grain refinement always plays a predominant role. Depressing the
transformation temperature either by alloying additions or by increasing the cooling
rate, is widely used to refine the transformed ferrite grain size, provided acicular
structures are not produced. In the normalized condition, grain refinement of
austenite m a y be achieved with aluminium-nitrogen, niobium, vanadium or titanium
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additions. Alternative methods for producing ultra-fine ferrite-grain sizes are to use
controlled-rolling techniques.

1.3 CONTROLLED ROLLING
1.3.1 Definition
Controlled rolling is the control of the total thermomechanical processing
schedule in terms of pass sequence, reduction load, rolling temperature, interpass
times and cooling rate after finish rolling.
Steels are finish rolled in the austenite stable zone (>A r 3), or in the austenite
semi-stable zone (A r 3-A r i), and then air cooled or cooled under a controlled cooling
rate to produce ferrite-pearlite structures or, in some cases, bainitic (acicular ferrite)
structures.
Controlled rolling combines thermo-mechanical processing and phase
transformations very effectively, so it is a powerful w a y to develop controlled
microstructures and substructures unattainable by traditional thermo-mechanical
processing.
1.3.2 Aim
The principal aim of controlled rolling is to produce a fine grained austenite
structure, which transforms to an even finer ferrite grain size on cooling.
1.3.3 Historical Survey of Development of Controlled Rolling
1.3.3.1 Ferrite-pearlite steels
T h e controlled rolling technique w a s developed o n the basis of
thermomechanical processing which has been used for a very long time to improve
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the mechanical properties of materials by controlling the hot deformation processes
which originally were designed to produce the required shape of the product.
In 1925, H a n e m a n n and Lucke found that the a grains in steels were
coarsened with small forging reductions but were refined by an increase in the
amount of forging reduction. Grains were also refined with a decrease in the
austenizing or deformation temperature (11).
In the 1950s, the concept that the ductile -> brittle transition temperature can be
reduced by refinement of ferrite (a) grains was established (12,13). Meanwhile,
experimental rolling studies were carried out by decreasing the temperature of the
final one or two reductions (14,15), or by changing the temperature during singlepass rolling (16).
The first introduction of controlled thermomechanical processing into
commercial production was controlled rolling of carbon-manganese steel plates for
ship-building in the 1950s (17). Thereafter, research work on controlled rolling was
carried out and m a n y foundamental findings were obtained which in turn promoted
the development of the controlled rolling technique.
In 1964, Grange (18) combined experimentally the mechanism of a grain
refinement by low-temperature finish-rolling with the recrystallization behaviour of
the 7 grains after hot-deformation.
The first Nb-containing high-strength steel plates were produced in 1958 (19).
Thereafter, in order to minimize the deterioration in notch toughness in as-rolled
steels, studies on the application of controlled rolling to Nb-bearing steels were
undertaken in m a n y countries.
In the first half of the 1960s, the following methods were reported to improve
the notch toughness of as-rolled Nb-bearing steels:
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(i)

an increase in the manganese content (20,21).

(ii) lower reheating temperatures of slabs down to 1200°C (16) or less (21).
(iii) lower finish rolling temperatures down to 800°C (22). An increase in total
reduction below 900°C of up to 3 0 % or below 830°C to more than 2 0 % (23).
Research work on precipitation hardening in the as-rolled or normalized
condition, and in controlled rolled N b or V bearing steels was carried out in 1960s,
and the following fundamental conclusions were drawn.
(1) Remarkable strengthening can be achieveded by Nb or V additions, which is
attributed to the precipitation of fine planar N b ( N C ) (23), or V ( C N ) (24,25)
precipitates, coherent with the a matrix (26,27).

(2) A decrease in the pearlite fraction by reducing the carbon content lowers the
ultimate tensile strength while not changing the yield strength, but does
improve the notch toughness and weldability in C - M n steel (9).
(3) N b addition retards recrystallization of the y grains during hot rolling (28,29).
In 1969, research was carried out into the commercial production of HSLA
steels and m u c h useful information was obtained which can be summarized as
follows.
(1) N b results in better toughness than a V addition at the same strength level
(30,31). Addition of N to V-bearing steel can improve both strength and
toughness, but reduces weldability (31). Simultaneous addition of N b and V
are favourable to obtain high strength and better weldability (30,31,32).
(2) M n addition can lower A r 3 and decrease the volume fraction of pearlite,
resulting in the improvement of toughness and strength (20,33).
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(3) Lowering the recrystallization temperature of Nb-bearing steels to 950-900°C
is effective in improving notch toughness (31,34).
(4) The boundaries of deformation bands and twins formed in unrecrystallized 7
grains after heavy rolling of a Nb-bearing steel below 9 0 0 ° C can increase the
effective surface area for 7 ~ > a transfomation and hereby refine the a grains
(22,25,29,35).
(5) Refinement of the initial 7 grains or using high total reduction at low
temperatures is necessary to obtain a uniform and fine a grain structure
(31,34,36,37).
(6) Decreasing the finishing rolling temperature into the (7+ a) two-phase region
can increase strength and decrease transition temperature due to the formation
of strain induced substructures and the further refinement of a grains (37,38).

The aim of controlled rolling is to introduce a high density of nucleation sites
for a grains in the 7 matrix during transformation, by controlling the rolling
conditions. Deformed grain boundary regions provide nucleation sites for ferrite and
additional nucleation sites are introduced by activated twin boundaries and
deformation bands. However, a nucleation mainly occurs at 7 grain boundaries.
It was found that extending the finish rolling into (7+ a) two-phase region can
increase the strength and decrease the ductile-brittle transition temperature and
improve crack arrestability (32,39,40), but can degrade the through-thickness (Z)
properties (41) and the Charpy shelf energy particularly in the transverse direction
(38,41), in both Nb-bearing (37,38) and Nb-free (42,43) steels.
Finish rolling at intercritical temperatures can improve both strength and the
ductile-brittle transition temperature without increase in the C e q and the mill loading
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(44). Accelerated cooling after controlled rolling in the (7+ a ) two-phase region is
also being recognized as a further advancement in the hot rolling process (45,46).
1.3.3.2

Bainitic steels

Further developments have been controlled rolling to produce bainitic steels;
extra-low-reheating temperatures to start rolling with a fine 7 grain size; and use of Ti
to restrict 7 grain coarsening during reheating.
In the process of reducing the carbon content and increasing the manganese
content in controlled rolled Nb-bearing steels, low-C transformation strengthened
steels (bainitic steels) (47,48,49) and acicular ferritic steel were developed in the
early 1970s.
Very small amounts of titanium (0.005-0.02%) can improve the toughness of
the heat affected zone of welds by suppressing the growth of the 7 grains due to the
presence of the fine and dispersed TiN particles which pin the 7 grain boundaries
(50). The austenite grain coarsening temperatures (GCTs) of these Ti-bearing steels
can be increased to 1150-1250°C, especially in continuously cast slabs (51). The
addition of Ti and other elements led to the development of acicular (Ti-Mn-Mo-NbV ) steels and consequently ultra low carbon bainitic steels (52,53).
Accelerated cooling after rolling of strip and plate can also play an important
part in production of bainitic steels. The combination of controlled rolling and the
controlled cooling and the coiling conditions in hot strip mills m a d e it possible to
produce coils having high strength and improved toughness for spiral pipes and
electric resistance welded pipes (31,37,54,55,56). The development of the plant and
processes for controlled cooling for the production of plates with good appearence
has also become a major subject for investigation in heavy-plate mill (57).
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1.3.4

Difference B e t w e e n Controlled Rolling a n d Conventional Hot

Rolling

A commonly accepted difference between conventional hot rolling and
controlled rolling is that, in the former, a grains nucleate exclusively at 7 grain
boundaries, whereas in the latter, nucleation can occur at 7 grain boundaries as well
as grain interiors, mainly at the boundaries of deformation bands and twins, which
leads to a large difference in the final average a grain size. This fact suggests that the
deformation bands are equivalent to the 7 grain boundaries with regard to acting as a
nucleation sites.

Because strain-induced substructures such as deformation bands in
unrecrystallized 7 grains can promote polymorphic transformation, controlled rolling
can be defined from a different viewpoint, as a process for accelerating 7 - > a
transformation and thereby producing fine-grained a in steels with m e d i u m
hardenability which, without being controlled rolled, will transform to a bainitic
structure, giving poor toughness (58).

The important parameters in controlled rolling schedules are:
(a) low finishing temperature - to retain fine austenite grains,

(b) high cooling rate - to nucleate many ferrite grains, and
(c) low coiling temperature - to prevent grain growth and optimize precipitation.

Rapid cooling (controlled cooling) of heavily deformed austenite will promote
the supersaturation of micro-alloying elements and delay the austenite to ferrite
transformation so that it occurs at a lower temperature. The lower the temperature of
transformation, the finer will be the ferrite grain size. It is apparent that the beneficial
effect of controlled rolling largely depends on the rolling conditions employed.
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A s mentioned above, because the essence of controlled rolling is combining
thermo-mechanical processing and phase transformations effectively, it is very
important to understand the 7 ~ > a transformation occurring during and after rolling,
and the influence on 7 - > a transformation exerted by rolling process and
microalloying elements.

1.3.5 The Three Possible Finishing Stages of Controlled Rolling
There are three possible finishing stages in controlled rolling which produce
profoundly different microstructures (38,59). Figure 1.1 (59) illustrates
schematically the three finishing stages (I-I-I) of the controlled rolling process, and
the changes of microstructures during and after deformation in each stage (38,59).
The stages are described below.
Stage I: Deformation occurs in the 7-recrystallization region, in which coarse 7 grains
(a) are refined by repeated deformation and recrystallization (b), but still
transform into relatively coarse a grain structure (b'). The 7 grain is refined by
repeated static recrystallization during multipass rolling in this stage (I). The
relation between recrystallized 7 grain size and the rolling parameters such as
temperature, pass reduction and rolling speed have been studied extensively
(60-65).
In most the cases the recrystallized 7 grain size is expressed in terms of the
initial grain size (Do), strain rate (e), flow stress (a) and the Zener-Hollomon
parameter (Z) (Z = e exp (Q / R T ) , where Q is the activation energy for
deformation in joules per mole, R is the gas constant in joules per mole, T is
temperature, K ) . In general, the 7 grain size is refined by increasing the value
of Z or e, i.e. by increasing the flow stress.

12

—1150 C

(c)
I : Recrystallization
region

Deformed t
grains
(d)

•~ 950 C

H : Non-recrystallization
region
<0

Ar^

1

_
—'
_

Deformed cA
grains

WAtf+d.) region

0)

a
E
n

An
(b)

(d)

(c')

Equiaxed

grains

Subgrains

Strain

Fig. 1.1

Schematic

illustration of the three possible

finishing stages of the controlled rolling process and
the change in microstructure with deformation in each
stage, (After Tanaka (59)).

13

Stage II: Deformation occurs in the 7 non-recrystallization region, in which
deformation bands are formed in elongated unrecrystallized 7 grains (c), and a
nucleates on the deformation bands as well as 7 grain boundaries, giving fine
a grain structure (c').
Stage III: Deformation occurs in the (7+ a) two-phase region, in which both 7 and
a grains are deformed simultaneously, producing a substructures (d). During
cooling after deformation, unrecrystallized 7 transforms to equiaxed a grains,
while deformed a changes into a subgrains (d'), producing a m u c h finer
"grain" structure than in stage II (38,66).
The 7 grain refinement through repeated recrystallization does not proceed
indefinitely and a certain limit is reached (b) (34, 38,60-64, 67-69), which results in
relatively coarse a grains (b').
A means of overcoming the limit on a grain refinement is to retard the
recrystallization of deformed 7. A s in case (c), Fig. 1.1, deformed 7 grains are
divided into blocks by the deformation bands and the a grains (c1) subsequently
formed are m u c h finer than those from recrystallized 7 grains (b1).
Deformation in the (7 + a) two-phase region is being used as a method to
overcome the limit on a grain refinement obtainable by finishing above A r 3 .
Deformation in the (7 + a ) two-phase region causes not only further grain
refinement, but also a mixed grain structure consisting of equiaxed grains and
subgrains. Additional strengthening results from a subgrain hardening (58).

1.4 7->cc TRANSFORMATION AND REFINEMENT OF a
GRAINS
1.4.1 7 -> a Phase Transformation
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The 7 - > a transformation is a diffusional transformation in which three
processes occur simultaneously: (i) crystal structure change; (ii) composition change;
and (iii) recrystallization.
The orientation relationship between 7 and a is the Kurdjumuw-Sachs
relationship similar to that which applies to lath matensite, i.e:

(lll)Y//(011)a; [Toi]Y//[lll]a [4]
When supercooling is low, incoherent a - 7 interface growth is favoured, so
that a grains become polygonal.
1.4.2 Effect of Alloying Elements on 7 -> a Transformation
Among the alloying elements in low-alloy steels, Ni, Mn, Co, Cu, C and N
are the 7 formers, which stabilize 7 by lowering the A r 3 temperature and retard the
decomposition of 7.
Alloying elements such as Si, Al, P, Cr, V, Mo, W, Ti, Ta, Nb and Zr are a
formers which raise the Ar3 temperature, but retard the decomposition of 7 by
reducing the diffusivity of carbon in 7 and reducing grain boundary mobility by a
mechanism such as boundary solute enrichment.
1.4.3 Effect of Deformation on 7 -> a Transformation
The start temperature of the 7 -> a transformation (Ar3) after controlled
rolling depends on the chemistry of the steel, as well as rolling variables, cooling
rate and plate thickness. In general, deformation of 7 accelerates the 7 - > a
transformation, raising the Ar3 temperature (70,71).
1.4.4 7 -> a Transformation Kinetics (Isothermal)
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W h e n a forms from 7 during isothermal holding below Ar3, a nuclei form
preferentially at the prior 7 grain boundaries, and their transformation kinetics can be
expressed (72) as:
X = 1- exp[-K(T).( tn / d m)] [5]
where: X = transformation fraction, t = isothermal holding time, d = diameter of 7
grains, K(T) = rate constant, and n and m are constants.
Nucleation sites for a move from grain edge to grain surface with decrease in
transformation temperature associated with increasing cooling rate (73).
1.4.5 Size of a Grains Formed from 7 after Isothermal Holding
When a grains nucleate at the grain boundary edge, surface or the interior of 7
grains, a grain size D

a

can be expressed as follows (74).

For a nucleation at 7 grain boundary edge:
D

a

= 0.784 (Vle / a ) ~ 2 / 9 D 7 2/3

[6]

For a nucleation at 7 grain boundary surface:
D

a

= (2/7c)-!/6 (Vls / a)-!/3 D y 1/3

[7]

For homogeneous a nucleation at 7 grain interior:
D

a

= 0.974 (Vlh/a)-2/5

[8]

where: Ie = nucleation rate of a grains per unit length at 7 grain boundary edges;
Is = nucleation rate of a grains per unit area at 7 grain boundary surfaces;
Ih = nucleation rate of a grains per unit volume at 7 grain interiors;
a = the parabolic rate constant for thickness of a grains; and
I > y = 7 grain size before y - > a transformation.
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The effect of 7 grain size on a grain size depends on the type of nucleation
site, and becomes stronger in the asending order of (i) homogeneous, (ii) grain
surface and (iii) grain edge (75,76,77) nucleation.
1.4.6 a Grain Refinement by the Deformation of 7
The y-> a transformation is clearly accelerated by the deformation of 7. In
undeformed samples, 7 grain boundaries are the predominant nucleation sites for a,
but in deformed specimens, a grains nucleate not only at 7 grain boundaries, but
also within 7 grains, mainly at the boundries of deformation bands and annealing
twins (78,79,80).

On the basis of some simplifications, ie, ignoring the differences between the
grain sizes of a nucleated at 7 grain surfaces and interiors, the average grain size of
a formed in deformed 7 can be expressed (73) as:
D a = { ( S v (p) V Is (p) / (2 V 2 ) a(p)}-l/3

[9]

where: Da = average grain size of a formed in deformed 7 including grain edge,
grain surface, and grain interior,
Sv (p) = the sum of the areas of grain surface (g.b) and annealing twin (t.b)
and deformation bands (d.b) boundaries, i.e.
Sv (P) = Sg.b (p) + Sd.b (P) + St.b (P) [10]
Is (p) - the nucleation rate of a in 7 deformed with reduction p, and is
different from Is in Eq.6.
oc(p) = the parabolic rate constant of a grain growth in 7 deformed
withreduction p.
In relation to undeformed 7,
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V Is (p) / oc(p) = V Io / oc0 + B (V Io / a 0 ){-ln (1-p)} 1-3

[li]

where, IQ and ao are respectively the nucleation rate and the parabolic rate
constant of a in undeformed 7 (73).

1.5 EFFECT OF DEFORMATION ON 7 AND/OR a
RECRYSTALLIZATION
1.5.1 Deformation in 7 Recrystallization Region

During or after rolling in the stable 7 region (>Ar3) at temperatures higher than
a critical value, 7 grains can be refined by repeated deformation and recrystallization
(34,67,81,82). However, w h e n deformation is applied at temperatures below the
critical value (T c ), recrystallization of deformed 7 will not occur, deformed 7 grains
retain the as-deformed elongated shape, and deformation bands will form in
ui_recrystallized 7 grains. The critical temperature for 7 recrystallization is also called
the pancaking temperature (Tp) (83-86).
After deformation in the 7 recrystallization region at temperatures higher than
the critical value (Tc), static recrystallization can start when the strain exceeds that
corresponding to the critical reduction (rc) which is determined by the prior
deformation conditions and the orignal grain size.
There is an incubation time for nucleation during which only static recovery
occurs. Recrystallization rate increases with the increase of strain and temperature of
deformation (87,88), and the recrystallized 7 grain size is refined with increase of
strain in the low strain region (68,89). This means that further increase of strain
above a limiting value cannot result in further refinement of the recrystallized 7
grains.
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T h e strain rate does not influence the recrystallization rate (87), and the
deformation temperature does not significantly affect the size of recrystallized 7
grains after static recrystallization (68,89).
The critical reduction for recrystallization (re) is a function of thickness of the
slab and the holding time between the final reduction and quenching.
The critical deformation temperature T c (or the pancaking temperature Tp) is
not only influenced by the steel chemistry, amount of deformation, and thickness of
slab, but also by the deformation schedule which determines the grain size prior to
deformation (36,38,68).
T h e size of statically recrystallized 7 grains is almost independent of the
deformation temperature, and is refined by decrease of initial grain size and increase
of reduction (18,36,38,67,90).
When rolling reductions per pass are smaller than the critical reduction for
recrystallization, but are high enough to cause partial recrystallization during the time
intervals of rolling passes, the volume fraction of 7 recrystallization will increase
with the number of rolling pass. Complete and uniform recrystallized 7 structures
can be obtained by multi-pass rolling (91). N e w recrystallized 7 grains are formed
after deformation in the unrecrystallized portion where the strain introduced by the
previous deformation is not fully released (92,93).
Once complete static recrystallization takes place, the 7 grain size decreases
progressively with successive reductions until a limiting value of 7 grain size is
reached (67,94).
The limiting value of 7 grain size does not depend on the initial grain size, only
on the amount of deformation and thefinishingtemperature (67).
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W h e n the initial 7 grain size isfinerthan the limiting value determined by the
given conditions, the 7 grain size remains unchanged even after successive
reductions, possibly due to the occurrence of dynamic recrystallization, which makes
further grain refinement impossible (36), because following the dynamic
recrystallization, grain growth of recrystallized 7 grains m a y occur during the
holding time between passes, and during holding time before quenching after
finishing rolling.
A decrease in the slab reheating temperature or final roughing at lower
temperatures (even in the 7 non-recrystallization region) can refine the grain size of
the 7 just prior to the 7 - > a transformation, resulting in finer a grains
(21,29,31,82,91,95-97).
1.5.2

Deformation in 7 Non-recrystallization Region

1.5.2.1 Retardation of 7 recrystallization
Because a grains are formed by y-> a transformation, the grain refinement of
a is achieved mainly by refining the 7 grains, which is realized by controlled rolling
(36,37,98,99).
The fundamental difference between conventional rolling and controlled rolling
is that in conventional rolling, a grains nucleate exclusively at 7 grain boundaries,
but in controlled rolling, a grains nucleate at 7 grain boundaries as well as grain
interiors.
In as-deformed 7 grains, deformation bands and deformed twin boundaries are
similar to the 7 grain boundaries with regard to a nucleation potential, and
therefore the y-> a transformation from as-deformed 7 can produce a much finer a
grain structure than from recrystallized 7 grains.
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F r o m this viewpoint, it is very important to produce the as-deformed 7 state,
which is realized by the suppression and/or retardation of 7 recrystallization after
deformation.
There are two main factors which delay the restoration of deformed 7:
temperature, and alloying elements.
In Nb-free steels, softening of deformed 7 proceeds very rapidly and there is
little influence of temperature on the start of recrystallization. In N b steels, the onset
of 7 recrystallization is greatly retarded by decrease in temperature. Although solute
N b atoms and lower temperature retard the onset of 7 recrystallization, they do not
retard the progress of 7 recrystallization. W h e n strain induced precipitation occurs
prior to the onset of recrystallization ( 2 0 % softening), recrystallization is retarded
markedly, suggesting that strain induced precipitation can retard both the onset and
progress of 7 recrystallization (100).
In other words, solute Nb atoms retard recovery and recrystallization until the
occurrence of strain induced precipitation, while strain induced precipitates can retard
both the onset and progress of 7 recrystallization (86,101).
When the retarding effect by solute atoms is weak, as in V steels,
recrystallization is complete before the occurrence of strain induced precipitation, and
a significant retarding effect on 7 recrystallization cannot be expected. Although V is
a strong carbide-forming element, it has a slight recovery-retarding effect, whereas
Ti exerts a very strong recrystallization-retarding effect on deformed 7 (100).
1.5.2.2 Formation and role of deformation bands
In pancaked 7 grain structures produced by deformation of 7 in the nonrecrystallization region, a number of bands can often be seen microscopically which
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run across the 7 grain with two roughly parallel boundaries, these bands have been
called deformation bands (59).
When deformed 7 transforms to a, deformation bands as well as the 7 grain
boundaries provide nucleation sites for a grains, whereas in non-deformed and
recrystallized 7 grains, only the 7 grain boundaries act as a nucleation sites. Thus a
grain refinement resulting from deformation in the 7 non-recrystallization region is
catalyzed by an increase in density of deformation bands (36,98,102-104).
Although an increase in the effective interfacial area (S v ) causes a grain
refinement, for a given S v , non-recrystallized 7 grains refine a more effectively than
recrystallized 7 grains (105).
The essence of controlled rolling is. to deform 7 in the non-recrystallization
region, so that deformation bands are introduced within the 7 grains, thus dividing
one 7 grain into several blocks, increasing the density of nucleation sites for a grains
and producing refinement of the a grains (106-108). Because there is a large
disorientation between the two regions across these boundaries, they act as largeangle grain boundaries (106,109,110).
Annealing twin boundaries are another type of nucleation site for a. During
deformation the region in the vicinity of twin boundary is highly strained and thereby
becomes a preferential site for a nucleation (85).
The deformed 7 grain boundaries may have many ledges or steps, as shown
schematically in Fig. 1.2a. If a nucleates at the comer of such a ledge, as shown in
Fig. 1.2b, the activation energy for nucleation of a becomes 9/rc times less than that
for nucleation on a planar grain boundary (if the surface energy is assumed to be
equal for all kinds of interfaces) (80).
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Thus if numerous ledges are produced on grain boundaries by deformation,
considerable increases in the nucleation rate can be expected.
A similar situation is expected to hold for boundaries of deformation bands and
twins, because their characteristics are similar to grain boundaries, and they should
also become preferential nucleation sites for strain induced a grains.
1.5.2.3 Strain induced or strain enhanced 7 -> a transformation
Deformation in the 7 non-recrystallization region produces as-deformed 7 with
an accumulation of strain in terms of dislocations, cell structures, deformation bands
and twins, all of which result in an increase in a nucleation sites and nucleation rate
during 7 ~ > a transformation. Associated effects are arisein y-> a transformation
temperature, an increase in the transformation rate, and a decrease of hardenability
(111-113).
It has been postulated that during rolling, 7 ~ > a transformation can occur on
the unrecovered dislocation structures (114). Thus, newly formed a grains soon
impinge on existing a grains and cannot grow further. This kind of mutual
interaction between deformed 7 and a produces a further decrease in a grain size.
1.5.3 Deformation in the (7 + a) Two-phase Region
The limited extent of grain refinement due to deformation in the 7
recrystallization and non-recrystallization regions can be overcome by rolling in the
(7+ a ) two-phase region (73).
Deformation in the (7+ a) two-phase region produces a mixed grain structure,
which consists of equiaxed a grains and cold-worked grains on an optical
microscopic scale, or of polygonal a grains and subgrains on an electron
microscopic scale. The deformed 7 transforms to polygonal a grains, while the
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deformed a changes into cells and/or subgrains depending on the degree of
recovery.
In deformed a in microalloyed steels, recrystallization is very sluggish. Cells
and/or subgrains form and the sub-boundary networks are stabilized by strain
induced precipitation of alloying carbonitrides (115-118).
With an increase in degree of deformation, dislocation density increases and
cell structure develops. Recovery also proceeds more easily with increasing degree
of deformation (119).
When hot deformation is performed near and beyond the peak stress in a
stress-strain curve, dynamic recovery occurs and thereby causes the development of
a subgrain structure. W h e n deformation is performed below the peak stress and
rapid cooling is adopted, recovery is restricted and a cell structure is retained.

In plain carbon steel, recovery occurs very rapidly, while in niobium steel, it is
retarded by the stabilization of cell and subgrain boundaries due to the solute
niobium drag effect and strain induced precipitation of N b ( C N ) (86,100).
In V-bearing steels however, recovery behaviour is similar to that of plain
carbon steel, because solute V atoms do not have a strong effect on recovery (100).
Hot deformation of a is generally governed by dynamic recovery, although
some investigators (120,121) have reported dynamic recrystallization.
Strengthening due to deformed a is larger in N b and/or V-bearing steels than
in plain carbon steel, due to the combined effect of retardation of recovery and
precipitation hardening by N b ( C N ) and V ( C N ) .
Yield and tensile strength increase linearly with volume fraction of deformed
a, but the increase in plain C - M n steel is smaller than in V and N b bearing steels
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(43). Strengthening due to deformed a results mainly from cell and/or subgrain
hardening. W h e n deformation temperature is high, and dynamic recovery and
subsequent static recovery and recrystallization proceed, strengthening is mainly due
to a grain refinement. W h e n deformation temperature is low, and recovery and
recrystallization are retarded, strengthening is mainly due to cell and/or a subgrain
structure. Therefore, strengthening by deformation in the (7+ a ) two-phase region
depends on the degree of recovery and recrystallization which in turn, depend on
deformation temperature, amount of deformation, cooling rate, and addition of
microalloying elements.
1.5.4 Anisotropy and Texture
When compared in terms of the same carbon equivalent, a controlled rolled
steel has higher strength than a conventionally hot rolled one, and it exhibits a lower
impact transition temperature than normalized, or quenched and tempered steel.
However, controlled rolled steel has its o w n disadvantages, the most serious being
the anisotropy in mechanical properties due to the texture development(47,66,122130).
The texture developed by deformation in the (7 + a) two-phase region is the
'cold-rolled' texture, which m a y result in some serious embrittlement such as
'separations' in the Z direction (131-133). Various methods have been proposed to
prevent the occurrence of separations, mainly by means of inclusion-shape and
sulphide-shape control (132,134-136).
Excepting the thermomechanical processing parameters, microalloying
elements also exert a strong influence on the whole deformation process, including
the initial 7 grain size, 7 -> a transformation, 7 and a restoration, thefinal7 and a
grain structures and, consequently the properties of H S L A steels. Therefore it is
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important to understand the main roles which the microalloying elements play in
controlled rolling.

1.6 EFFECTS OF MICROALLOYING ELEMENTS
1.6.1 General Effects of Microalloying Elements
Alloying elements which exert a remarkable influence on the microstructures
and properties of steels in amounts less than around 0.10% by weight are called
microalloying elements.
The aim of micro-alloying additions in HSLA steels is to achieve improved
strength, toughness and ductility for low carbon contents. T h e key to this
development rests on the refinement of the ferrite grain size produced by the
austenite to ferrite (7 - > a ) transformation and the precipitation hardening of
carbides, nitrides, or carbonitrides of these elements.
Microalloying elements such as Nb, V or Ti can improve both strength and
toughness of thermomechanically processed steels.
The most important microalloying elements in HSLA steels are niobium,
vanadium, and titanium. They have strong but different affinities for carbon,
nitrogen, and sulphur. The solubility of their carbonitrides in austenite and the
capability to precipitate fine-dispersed particles in austenite and ferrite provide a basis
for strengthening mechanisms which include precipitation strengthening, grain
refinement, dislocation strengthening, and texture strengthening.
The microalloying elements which can give rise to a well refined transformed
microstructure through the transformation from non-recrystallized austenite are N b
and Ti-bearing steels. V can be added simultaneously in these steels to give
additional strengthening due to precipitation hardening.
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Carbides and nitrides which are undissolved at the reheating temperature
contribute to refinement of the initial austenite grains. In the temperature range 11001250°C commonly adopted as a slab-reheating temperature, titanium nitride is the
most stable compound and vanadium carbide the most soluble in y (8). Ti-bearing
steels exhibit very high austenite grain coarsening temperatures due to grain
boundary pinning by very stable T i N precipitates which are usually formed during
solidification of steels (137).
A decrease in the reheating temperature of Nb or Ti -bearing steels will result
in a decrease of N b and Ti contents in 7, but these partially dissolved elements can
still produce precipitation, hardening in the later stage of controlled rolling.
As discussed in, section 1.5.2.1, micro-additions of Nb and Ti cause a
remarkable retardation effect on recrystallization due to the suppression of grain
boundary migration, which is attributed to solute drag by the segregation of alloying
elements at subgrain and grain boundaries, and the pinning effect by carbonitride
precipitates at boundaries.
Microalloys can also strongly retard grain growth (138,139). Austenite grain
growth after the completion of recrystallization occurs in plain C - M n steel even at
1050°C, but in Nb-bearing steels it can be ignored in the range of 1000-1050°C
(36,115).
The strong effects of microalloying elements such as N b on retarding
recrystallization and grain growth are mainly due to the strain induced precipitation
of their nitrides or/and carbides which are dissolved during reheating before rolling
(84).
The carbides and nitrides of N b , Ti and V are isomorphous and completely
soluble in each other. Thus, carbides m a y contain a percentage of nitrogen, and
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nitrides m a y contain a percentage of carbon. Another characteristic of niobium,
titanium, and vanadium carbides and nitrides ( M e X ) is the possible partial coherence
between the ferrite matrix and the precipitate, as shown by the orientation data
(140,141):
{100}Mex//{100}a_Fe
<010>Mex//<0H>a-Fe [12]
For coherent precipitation, easier nucleation can occur on under-cooling with a
resulting finer dispersion. Coherency stresses around such extremely fine
precipitates strongly contribute to strengthening of steel (142).
Numerous workers have studied grain refining effects of Al, Nb, V, and Ti.
The effect of precipitates with solution temperatures of about 1100°C on grain
growth has been reported by Gladman and co-workers (8,143,144). More stable
particles, such as the carbonitrides occurring in Ti-bearing steels, have been
investigated and characterised by Houghton et al. (145). Gladman examined in detail
the grain coarsening characteristics of austenite in the presence of precipitates such as
A 1 N and N b ( C N ) , which can provide grain boundary pinning (143), and suggested
that only when the actual mean particle radius r is smaller than the critical particle
radius r*, can effective grain boundary pinning be expected. The magnitude of r* is
decided by the average grain radius R Q , the volume fraction of particles f, and the
grain size heterogeneity factor Z (ratio of radius of growing grain to average grain).
For the maximum effective pinning of austenite grain boundaries, the
necessary conditions are for r to be small and f to be high.
1.6.2 Solubility Products of Carbides and Nitrides in Austenite
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It is well k n o w n (86) that N b , V , and Ti have different affinities for carbon
and nitrogen in austenite (7), and this causes the different solubility products of
carbide and nitride of the respective microalloying elements, as shown in Fig. 1.3. In
the temperature range 1100°C-1250°C commonly adopted for slab-reheating,
titanium nitride (TiN) is the most stable compound and vanadium carbide the most
soluble in 7. N b C and TiC lie between TiN and V C , and the amount of niobium or
titanium dissolved in 7 at the reheating temperature can be varied widely, depending
on the temperature and carbon content (8).
Excepting A1N with an hexagonal structure, these carbides and nitrides are
cubic, and soluble in each other, and they are often called carbonitrides.
Figure 1.3 shows that all the nitrides have lower solubilities in 7 than the
respective carbides, and this m a y also be true in ferrite (a) (8).
In commercial microalloyed steels, vanadium and niobium are precipitated as
carbonitrides, and V N and N b N are seldom formed, except in steels containing very
low carbon and high nitrogen contents.
On the other hand, in titanium-bearing steels, titanium nitride (TiN) is the first
formed, and after all the nitrogen is combined as titanium nitride. Titanium carbide
m a y subsequently precipitate iftitaniumis still available (73).
1.6.3 Effect of Niobium
Niobium has been found to be the most advantageous microalloying element
because of its ability to retard austenitic recrystallisation. Therefore, refinement
resulting from deformation below the recrystallisation temperature is achieved easily
even at relatively high temperatures.
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Although niobium in solid solution is thought to be able to retard
recrystallization, the underlying mechanism is not fully understood. Most of the
experimental results seem to suggest a deformation-induced precipitation of niobium
carbonitrides and the interaction of precipitates with the deformed substructures
(99,115,146-148). Niobium also produces a refined austenite-grain size after
recrystallization, and although this mechanism has not been explained, deformationinduced precipitation m a y have some effect on grain growth.
For those HSLA steels having high-niobium contents, even at an austenization
temperature high enough to take niobium carbonitrides into solution, niobium still
exerts a grain refining effect because of undissolved niobium carbonitrides at the
rehearing temperature.
An important property of Nb is a relatively low affinity for oxygen that permits
its use in semi-killed steels.
1.6.4 Effect of Vanadium
Vanadium is a very strong nitrogen fixer and a major part of the strengthening
in vanadium bearing steels is a result of the presence of precipitates of vanadium
nitride. Although vanadium has a grain refining effect, grain refinement does not
m a k e a very large contribution to the strengthening of vanadium steels. The main
strengthening mechanism is due to the precipitation of fine platelets of vanadium
nitride which are coherent with the ferrite matrix.
Impact properties of conventionally rolled V steels are poor (142), because in
conventional hot rolling, high rolling temperatures are usually adopted, and V cannot
effectively restrict grain growth during and after rolling at these high temperatures,
resulting in the coarse grain structure, and thereby poor impact properties. However,
this situation can be improved by the process of controlled rolling.
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1.6.5

Effect of Titanium

Titanium reacts with interstitials to form a number of compounds in lowcarbon steels, including oxides, nitrides, carbides and sulphides. S o m e of these
compounds have desirable effects, but the presence of others is undesirable.
Titanium can be used to produce high strenth and low-temperature toughness
under controlled conditions by precipitation oftitaniumcarbide (30).
The very fine and dispersed TiN particles can substantially increase the
austenite grain coarsening temperature ( G C T ) and exert a strong effect on ferrite
grain refinement, so that it is possible to control the austenite grain size during slab
reheating, high temperature rough rolling and in the extended holding periods such
as m a y be required in the controlled rolling of thick plates (36,45).

Because the titanium nitride is virtually insoluble in austenite, it plays little par
in precipitation strengthening.
Titanium is unique among the microalloying elements in that it is not only a
strong nitride and carbide former, but also, because of its high sulphur affinity, it
m a y be used for sulphide shape control (149).
Coarse T i N cuboids (~l-2|im) initially grow from the liquid steel, principally
at the liquid / delta (8) ferrite interface. Progressivelyfinerprecipitates subsequently
form in the solid delta (5) ferrite and then the upper austenitic range (145,150). The
particle size distribution of T i N precipitates in the upper austenite range is controlled
by cooling rate after solidification to about 1100°C (151). A veryfinedispersion of
TiN m a y be produced in continuous cast slabs (ie. particle size 2-5 n m ) .
Small concentrations of titanium are consumed mainly in TiN formation. The
subsequent combination with sulphur to form titanium carbo-surphide (TL4C2S2)
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will not be completed unless larger amounts of titanium are available. Formation of
Ti_iC2S2 is accompanied and followed by the formation oftitaniumcarbide (TiC).
So far the use of titanium has been restricted because very low levels do not
exert any influence on austenite recrystallisation and the high reactivity of titanium
causes control problems (59).

1.7 GRAIN COARSENING TEMPERATURE
1.7.1 Definition of GCT
The term austenite grain coarsening temperature (GCT) is herein defined as the
temperature at which the effectiveness of the precipitates on grain boundary pinning
diminishes and rapid growth of a few austenite grains occurs.
The diminution of the pinning effectiveness of precipitates is due to either a
reduction in their volume fraction or an increase in average radius. The consequence
is that the reduction of the interfacial free energy, due to the presence of particles
along 7 grain boundaries, is insufficient to balance the reduction in energy which
would result from grain boundary migration, and thus grain growth occurs.
1.7.2 Effect of TiN on GCT of HSLA Steels
Matsuda and Okumura (152) proposed that the more thermodynamically stable
the precipitates, the higher the G C T and the slower is the Ostwaldripeningprocess.
Thus, since TiN is a phase of very high stability, it can be used effectively in raising
the G C T .
From their research, Matsuda et al. obtained the following empirical equation
(152):
R = K(r/f) [I3]
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where: R = austenite grain size,
f = volume fraction of TiN,
r = mean particle size of TiN,
K = dimensionless constant,
(The term r / f characterises the mean distance between TiN particles when f
is much less than unity).
It can be seen from equation 13 that the most effective method to control the
v

austenite grain size is to reduce the mean particle size (r) for a given volume fra
f.
Matsuda and Okumura introduced a factor to account for the nature of
precipitate into the Gladman model. The factor K in equation 13 is a dimensionless
factor, defined as:
K= (1+8-COSGO)-1X4/3 [14]

The term K depends on the nature of the precipitate particles through 8 and co.
The K value for TiN was empirically determined by Matsuda and Okumura as 1.5.
They therefore concluded that the mean size of TiN particles increases with the
holding time at an austenisation temperature of 1350°C, in accordance with the
experimentally determined equation 15, as follows:
r = At1/3 [15]
where: r = the size of TiN particles,
t = the holding time,
A = a constant which varies with the composition of the steel.
Further, they suggested that in the holding process at a high temperature, such

as 1350°C, finer TiN particles are dissolved and coarser TiN particles grow, ie. th
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Ostwald ripening process occurs, and as a result, the m e a n T i N particle size
increases with holding time as indicated by Eq.15.
The work by Houghton et al. (153) on Ti-Nb bearing HSLA steels led to the
conclusion that if niobium decreases the stability of TiN, then the change in volume
fraction, due to change in solubility, m a y lead to m u c h faster austenite grain growth
than that predicted by a particle coarsening process.
1.7.3 The Stoichiometric Ratio for TiN
On the basis of experimental findings that when the Ti: N ratio exceeds the
stoichiometric ratio (3.42), a lower G C T was obtained, George and Irani drew the
following conclusions (154).
(1) The highest grain coarsening temperatures were achieved in the group of steels
investigated w h e n all thetitaniumwas combined as TiN. For another group of
steels where an excess of titanium was available for the formation of TiC, the
grain coarsening temperatures were lowered to levels similar to those obtainable
in steels with A 1 N and N b C .

(2) The phase responsible for high grain coarsening temperatures is TiN, indicating
that high stability precipitate phases m a y be effective in controlling the austenite
grain size to temperatures higher than those achieved hitherto.

1.8 THE AIMS OF THE PRESENT W O R K
It is well k n o w n that the austenite grain size produced during the soaking prior
to roughing can influence the ferrite grain size formed by transformation during and
after rolling. A s a coarse or mixed austenite grain structure produced by soaking is
undesirable in commercial production, it is important to determine the austenite grain
coarsening temperature ( G C T ) and hence provide the information for designing an
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appropriate rolling schedule, especially the soaking temperatures prior to rolling, so
as to maintain a uniform and relativelyfineaustenite grain size.
TiN is known to be effective in inhibiting austenite grain growth at high
temperatures. For low Ti levels however, difference in coarsening behaviour have
been observed in dendritic as opposed to interdendritic regions of cast slabs, and it is
important to clarify the influence of low Ti content on austenite grain coarsening. A n
analysis of the coarsening behaviour of steels with low Ti content was the first aim
of this work.
Refinement of austenite grain size during thermomechanical processing of Tibearing plate steels is generally ascribed to the presence of Ti-rich precipitates. It has
been reported (152,154-156) that T i N can increase the G C T to about 1300°C.
Research (184) also suggests that T i N retards grain growth of austenite and that the
effectiveness of this retardation is related to the volume fraction, size distribution and
spacing of the particles. However, few investigations have been reported which
relate changes of particle size distribution directly to changes in G C T . Therefore, a
second aim of this work w a s to establish the relationship between G C T and alloy
carbonitride particle size distribution in Ti-bearing steels.
It is also well established that HSLA steels having fine and uniform ferrite
grains are characterized by high strength and good toughness. The controlled rolling
technique has been widely used to obtain such an optimum ferrite structure. Hot
rolling is usually performed above the austenite recrystallization temperature, by
controlling the rolling parameters such as reheating temperature, individual pass
reduction, finish rolling temperature, cooling rate after rolling. With the help of
microalloying additions, a fine and uniform recrystallized austenite grain size can be
obtained.
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Although m a n y research workers have studied austenite recrystallization
behaviour using methods such as rolling (116,157-160), compression (161,162),
tension (163) and torsion (139), the mechanism by which microalloying elements
retard recrystallization is not entirely understood. S o m e authors have suggested that
solute drag is responsible for the retardation of recrystallization (117,139,159,163165), whilst others concluded that the strain-induced precipitation exerts the main
effect and solute drag is of less importance (116,162,166-170). O n m a n y occasions,
both mechanisms were suggested to be operative (101,139,142,171-173), but their
relative importance has not been clearly established.

Most of the investigations on retardation of austenite recrystallization are
related to N b , and V-bearing H S L A steels. D u e to the high reactivity of titanium,
studies on Ti-bearing steels are quite few, and the literature on the effect of the TiN
distribution on austenite recrystallization is conflicting. Leduc and Sellars (174)
reported that Ti addition did not result in detectable differences in recrystallization
kinetics of a laboratory cast C-Mn-Ti steel ( T i : N < 3.4) and a plain C - M n steels.
In contrast, Roberts et al. (175) contended that T i N particles exerted Zener drag
during recrystallization in strand cast Ti-V steels. A third aim of this work was
therefore to study the effect of Ti and Ti-Nb additions on the kinetics of static
recrystallization of 7 under hot rolling conditions.
Although grain refinement can be achieved by rolling in the 7 recrystallization
region through the repeated recrystallization of 7, or rolling in 7 non-recrystallization
region through the formation of a in unrecrystallized 7, there are limitations to the
degree of refinement by these two methods, and further refinement is potentially
possible by deformation in the (7+ a ) two-phase region, due in part to the formation
of subgrains in deformed a (37-40). Therefore, rolling in the (7+ a ) two-phase
region is becoming m o r e important in attempting to improve the properties of
controlled rolled steels.
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In order to obtain fine and uniform austenite grains, or non-recrystallized
austenite grains, or to obtainfinea grains or a subgrains when rolling in the (7+ a)
two-phase region, an important factor is to suppress the recrystallization processes
of deformed austenite and ferrite, so as to prevent the growth into coarser grain
sizes.
The effect of alloying elements on restoration behaviour of deformed a under
hot rolling conditions has been studied by m a n y workers. Tanaka et al. (38,115118) suggested that during or after rolling in the (7+ a ) two-phase region, the
deformed 7 transforms to polygonal a grains, while the deformed a relaxes into
cells and/or subgrains. In Nb- or V-bearing steels, recrystallization in deformed a is
very sluggish, due to the pinning effect of N b ( C N ) or V ( C N ) on sub-boundary
networks. Coldren et al. (176) showed that, a decrease in yield strength occurred due
to partial or complete recrystallization of deformed a in a Mo-Nb-bearing steel.
Y a m a m o t o et al. (177) investigated the deformation of 0.16%C-0.3%Si-1.9%Mn
steel in the (7 + a ) two-phase region from 650°C to 750°C, and found that the
operative process in deformed a is dynamic recovery, not dynamic recrystallization.
Some research workers (86,100) proposed that in niobium steel, recovery of
deformed a is m u c h more difficult, since solute niobium atoms have a strong
retarding effect on recovery. In vanadium steel, recovery behaviour of deformed a is
similar to that of plain carbon steel, since solute vanadium atoms do not have a
strong effect on recovery (100).
Although many studies have been conducted on the effect of alloying elements
on the y-> a transformation (38,66,73,115-118), most of this work relates to the
effect of niobium and vanadium and there are few reports on the effect of titanium.
However, Ti is in all respects a very important addition to HSLA steels and
has certain advantages over N b or V: Ti gives both sulphide inclusion shape control
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and precipitation strengthening; and a micro addition of Ti with controlled content of
nitrogen can substantially increase the austenite grain coarsening temperature (GCT).
It is noteworthy that in the temperature range 1100-1250°C commonly adopted
as a slab-reheating temperature, titanium nitride is the most stable compound, and its
presence retards grain coarsening. Titanium has therefore become a very important
microalloying element for the refinement of the austenite grains, and it is necessary
to establish the effect of micro-Ti additions on the restoration behaviour of deformed
a following rolling in the (7 + a ) two-phase region. This w a s the fourth major aim
of the present work.
In summary, the objectives of the present work were:
(i) to clarify the effect of Ti level, Ti: N ratio and the combined effect of Ti and
N b on austenite grain coarsening behaviour, by assessing the influence of both
temperature and time on austenite grain coarsening and by establishing the
influence of solution treatment and hot rolling on the austenite grain coarsening
behaviour,
(ii) to determine the T i N (or N b T i C N ) particle size distributions in concast,
solution-treated and hot rolled samples of Ti- and Ti-Nb-bearimg H S L A steels,
and to establish relationships between the austenite grain coarsening behaviour
and the particle characteristics (type, morphology, volume fraction, mean size
and size distribution);
(iii) to determine the effect of micro-Ti and micro-Ti-Nb additions on the kinetics
of static recrystallization of austenite under different hot rolling conditions in
the stable 7region (>A r 3), and elucidate the effect of Ti and Ti-Nb in solution,
and as strain-induced precipitates on recrystallization in steels with less than
the stoichiometric Ti:N ratio (3.4:1); and
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to examine what influence, if any, titanium and titanium-niobium additions
exert on 7~> a transformation and the restoration behaviour of deformed a in
Ti- and Ti-Nb-bearing H S L A steels after rolling and isothermal holding in (7+
a ) two-phase region.
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Chapter 2

EXPERIMENTAL MATERIALS
and

PROCEDURES
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2.1 CHEMICAL COMPOSITIONS OF STEELS INVESTIGATED
The steels investigated were supplied by BHP Steel, Slab and Plate Products
Division, Port Kembla, Australia, in the form of continuously cast slabs or
commercially hot rolled plates. The chemical compositions are given in Table. 1
Table 1 The chemical compositions of steels investigated (wt%)

Steel

C

Mn

Al

P

Si

S

Ti

Nb

N

Ti:N

-

-

0.006

-

C-Mn

0.11 1.11 0.02 0.027 0.28 0.010

016Ti

0.13 1.45 0.03 0.020 0.40 0.004 0.016

-

0.006

2.66

076Ti

0.09 1.40 0.03 0.020 0.28 0.005 0.076

-

0.0075

10.10

025Nb

0.12 1.45 0.03 0.020 0.28 0.004

-

0.025 0.009

Ti-Nb* 0.12 1.46 0.03 0.020 0.28 0.005 0.019 0.024 0.009

-

2.10

* the Ti-Nb steel is also referred to as the 019Ti-024Nb steel.
All of the steels were used for the investigation of austenite grain coarsening
temperatures (GCTs); four steels, (C-Mn, 016Ti, 076Ti and Ti-Nb) were used for
investigation of alloy carbonitride particle size distribution; and three steels, (C-Mn,
016Ti and Ti-Nb) were used for single-pass rolling experiments designed to
investigate austenite and ferrite recrystallization kinetics.

2.2

EVALUATION

OF

AUSTENITE

GRAIN

TEMPERATURES (GCT)
2.2.1 Sample Preparation for GCT Evaluation

COARSENING
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The grain coarsening temperature ( G C T ) for a given heat-treatment time was
defined as the lower shelf temperature above which the mean intercept austenite grain
size undergoes a significant increase due to abnormal grain growth.
Three different types of samples were used for GCT evaluation.
(a) Concast slab samples.
Samples of the five steels given in Table. 1 were taken from the quarter
thickness / quarter width location of slabs to avert the impurity segregation zone in
the slab centre thickness (1/21) location.
(b) Solution treated (ST) samples.
T w o sets of samples from the 016Ti and Ti-Nb concast slabs were solution
treated at 1250°C for one hour under an argon atmosphere and then either air cooled
(ST, A C ) or water quenched (ST, W Q ) prior to determination of the G C T .

(c) Hot rolled (HR ) samples.
T w o sets of samples of the 016Ti and Ti-Nb steels were taken from
commercially hot rolled plates.
The sizes of all three types of samples were 1 c m x 1 c m width and 0.5 c m
thickness, such that:
• there was sufficient bulk to enable surface oxidation and decarburization to be
removed, and sufficient unaffected sample for grain size determination.
• the base of the sample was of sufficient size that at least forty independent
fields could be observed under an optical microscope at 32x, in order to obtain a
meaningful grain count
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• the thermal mass be low enough to allow both rapid heating and quenching of
samples.
Three types of samples were isochronally annealed for 0.5,1, 2 and 4 hour at
various austenization temperatures ranging from 950°C to 1350°C, in an induction
furnace flushed with argon to prevent excessive oxidation. W h e n annealing was
completed, the samples were quenched in water immediately, thus obtaining
microstructures of martensite.
The samples were then mounted in bakelite and mechanically polished,
finishing on a 0-1 [lm diamond pad.
The etching of prior austenite grain boundaries in martensite, to allow
quantitative metallography ( grain size determination ), was conducted using a
saturated aqueous picric acid solution.
The etching method was as follows:
Etchant: 100 m l water saturated with picric acid plus 20 drops of "Teepol"
(wetting agent) plus 20 drops of concentrated HC1.
Steel type: 016Ti C-Mn, 076Ti, 025Nb, 019Ti-024Nb
Typical etching 5-7 (interdendritic) 5-7
time (min.):

7-10 (dendritic)

The etchant was heated to 60°C-65°C and the etching time was varied
depending on the composition, austenization temperature and time that the samples
had undergone. The higher and longer the reheating temperature and holding time ,
the longer was the required etching time.
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In addition, the sample surface had to be regularly cleaned during and after
etching, to remove a black surface layer formed during the etching process.
2.2.2

Determination of G C T

The linear intercept method was used in determining the average austenite grain
size, using a micrometer eyepiece attached to an optical microscope. The number of
grain boundaries intercepting the test line was counted, the average grain size was
calculated by using the equation:
d = L/N [16]
where: d = average prior austenite grain size (u.m);
L = length of test line;
N = number of grain boundaries intercepted by the test line.
Up to twenty independent fields were counted in order to obtain an accurate
determination of average grain size, with the average number of intercepts per field
being of the order of 5 - 50.
The measured values were plotted to correlate austenite grain size with
austenitizing temperature and holding time, so that the grain coarsening temperatures
(GCTs) could be evaluated graphically.
At the same time, photomicrographs of the prior austenite structures were
obtained using a Leitz M M 6 microscope for the qualitative determination of grain
coarsening temperature.

2.3

ALLOY CARBONITRIDE PARTICLE SIZE DISTRIBUTION

2.3.1 Steels and Thermal History
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The steels used in this investigation were the C - M n , 016Ti, 076Ti and Ti-Nb
steels in the form of continuously cast slab and commercially hot rolled plates (Table
1).
Samples were prepared from cast, solution treated and hot rolled material in the
same way as described in Section 2.2.1 for the G C T experiments. The 1 c m x 1 c m
x 0.5 c m samples were mounted in bakelite which was drilled from the side to enable
electrical contact to be made for electropolishing, following standard metallographic
polishing.
2.3.2 Carbon Extraction Replication
The carbon extraction replication technique was employed for particle size
measurements.
Electropolishing was performed in a solution of 7% perchloric acid in 2butoxyethanol with 19V D C and 1 to 2 m A for 10 minutes. Figure 2.1 shows a
schematic layout of the apparatus used for electropolishing. After electropolishing,
the samples wererinsedin methyl alcohol and dried.
The carbon film was applied using a "Dynavac" coating unit. The film
thickness was between 0.05 and 0.15 urn The thickness of the deposited carbon
film was estimated by its interference colour, which changed from yellow to blue to
silver in ascending order of thickness. The coating was then scribed into ~ 2 m m
squares by means of a scalpel before stripping.
Stripping of thefilmswas carried out in a solution of 5-7% H B r acid in methyl
alcohol. The squares floated off the surface of samples after ~8 hours, were collected
on copper grids and rinsed in distilled water.
2.3.3 Analysis of Alloy Carbonitride Particles
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Fig. 2.1
Schematic
layout
of
electropolishing
apparatus.
(a) D C supply, 19V.
(b) Platinum-Rhodium wire cathode.
(c) Sample mounted in bakelite drilled and tapped for
electrical connection.
(d) Electrolyte
of 7 %
perchloric
acid
in 9 3 %
Butoxyethanoi.
(e) Thermometer.
(f) Stirrer driven by a small motor.
(g) 500ml beaker glass container.
(h) Crushed ice saturated with NaCI.
(i) Polystyrene insulation.
(j) Stand.
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The morphology and size distribution of the T i N (or N b T i C N ) precipitates
were analysed using a J E O L 200kV transmission electron microscopefittedwith a
S T E M unit and an energy dispersive x-ray spectrometer suitable for micro analysis
of precipitates d o w n to size of 10 nm. T o establish the identity of the extracted
particles, microanalysis was performed, and electron diffraction patterns were
compared with standard patterns.
The maximum edge lengths or diameters of the particles were determined
using a measuring eyepiece. A minimum of 1500 particles was counted for cast slab
samples, which contained many of fine particles and a wide distribution of sizes; and
a m i n i m u m of 500 particles was counted for solution treated and hot rolled samples,
which generally showed coarser particles and narrow size distributions.
2.4

SINGLE-PASS ROLLING IN T H E STABLE 7 REGION

2.4.1 Steels Used for Single-pass Rolling in the Stable 7 Region
Continuously cast slabs of the C-Mn, 016Ti and Ti-Nb steels were used for
single-pass rolling in the stable 7 region ( > A r 3 ) to investigate the effect of Ti and
Ti-Nb additions on restoration behaviour of deformed 7.
2.4.2 Samples for Single-pass Rolling in the Stable 7 Region
For all steels, stepped rolling specimens, with the dimensions given in Fig.2.2
were machined from the quarter thickness position of continuously cast slabs.
Two specimen geometries were used to allow reductions of 0, 7, 15, 30% or
40, 50, 6 0 % to be performed in a single rolling pass at average strain rates of 5-21.5
sec.~l.

49

b.
Fig. 2.2

Dimensions of stepped

specimens employed

for simultaneous reductions under single pass rolling
conditions, mm.
(a) 0%, 7%, 15%, 30%,

(b) 40%, 50%, 60%.
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All sampies had a stainless steel sheathed type K thermocouple embedded 10
m m into the sample to accurately record thermal history throughout the rolling
procedure.
2.4.3

Hot Rolling P r o g r a m in the Stable 7 Region

Investigation of the GCT established that the austenite grain coarsening
temperatures for the 016Ti and Ti-Nb steels were 1200°C and 1120°C, respectively,
which indicates that fine particles of TiN or N b T i C N produced on continuous
casting m a y be dissolved at these temperatures during reheating. In order to
investigate the effect of solute atoms, undissolved particles, and strain induced
precipitates on austenite recrystallization behaviour, three different reheating
temperatures, 1260°C, 1150°C and 1080PC, were used, which are above, between
and below the two measured G C T s . Laboratory single pass rolling experiments were
performed in the temperature range of 1250°C to 850°C after reheating to 1260°C,
1150°C and 1080°C (see Fig.2.3).
The samples were reheated for 30 minutes in an argon atmosphere, and then
transferred to a furnace set 10°C above the nominated rolling temperature and held
for 10 minutes to equalize temperature throughout the sample, and to allow
repeatability of the rolling temperature. The rolled samples were then water quenched
directly after rolling (within 3 sec), or transferred to a furnace set at the nominated
rolling temperature fortimesof up to 1800 sec. before quenching.
The layout of the hot rolling equipment is shown in Fig.2.4. The rolling mill
was a laboratory two high rolling mill, producing a strain rate from 9 to 21.5 sec-1
depending on the amount of deformation.
Sectioned and polished samples were etched in a saturated aqueous picric acid
solution to which had been added a small amount of wetting agent to reveal the prior

51

7min.
7-60% Reduction
1300
1260OC*30min

00,900,1800sec.
/\

1250

O
o
LU
DC
D
r-

_

Water Quenching

l1150°C*30min.
1150
-

I 1080oc*30min.

1050

<

DC
LU
Q.

_f

950

LU
H

850

Room
Temp.

TIME

Fig. 2.3

Flow sheet of experimental rolling program

in stable y region.

52

Fig. 2.4

Furnaces and rolling mill set up for single-

pass hot rolling.
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austenite grain boundaries. The volume fraction of recrystallized austenite was
determined by standard point counting technique.
Calculation of the rolling strain from rolling reduction values was made using
the equation:
e = ln(h 0 /h f )

[17]

where: ho = initial thickness
hf = final thickness

2.5 SINGLE-PASS ROLLING IN THE (7 + a) TWO-PHASE
REGION
Single-pass rolling was carried out in the (7 + a ) two-phase region to
investigate the effect of Ti and Ti-Nb additions on 7 - > a transformation and
restoration behaviour of deformed 7 and a.
2.5.1 Steels and Samples
The steels used in this investigation were the C-Mn, 016Ti and Ti-Nb steels in
the form of continuously cast slabs.
Samples were cut from the quarter thickness position of the concast slabs and
machined to the dimensions shown in Fig.2.5.
Initially, the (7 + a ) two-phase region was established by isothermal
transformation experiments. Specimens from the three steel slabs were reheated to
1260°C, held for half hour, and then transferred to a furnace set at 785°C to 685°C,
held for 18 minutes and then water quenched. Metallographic work was carried out
to examine the ferrite volume fractions produced under different holding
temperatures. Then the (7+ a ) two-phase region for the three steels was established
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mm

Fig. 2.5

Dimensions of specimens used for rolling in

the (7 + a) two-phase region.
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as the range 670°C-770°C and a rolling and holding temperature 730°C was
selected for this work.
A stepped specimen was not used because of the risk of "sticking" at the low
temperature rolling (730°C).
2.5.2 Single-pass Rolling Program in the (7 + a) Two-phase Region
Five reductions (8%, 17%, 28%, 40%, 60%) were adopted for single pass
rolling at average strain rates of 5-17 sec."1. All samples had a stainless steel
sheathed type K thermocouple embedded 10 m m into the sample.
Investigation of the GCT established that the austenite grain coarsening
temperatures (GCTs) for the 016Ti and Ti-Nb steels were 1200°C and 1120°C
respectively, indicating thatfineparticles (TiN, N b T i C N ) produced in continuous
casting m a y dissolve in 7 at these temperatures during reheating. In order to
investigate the effect of solute N b and Ti atoms, undissolved particles and straininduced precipitates on restoration behaviour of both deformed 7 and a, a reheating
temperature of 1260°C, which is higher than the G C T s , was used.
The samples were reheated to 1260°C for 30 minutes in an argon atmosphere,
and then transferred to a furnace set at 730°C and held for 18 minutes. The
temperature of the specimen decreased from 1260°C to 730°C in 8 minutes, and the
subsequent 10 minutes holding equalized temperature throughout the specimens and
produced a two-phase structure with about 3 0 % a and 7 0 % 7 in specimens of all
three steels. The rolled samples were then water quenched immediately after rolling
(in less than 3sec), or transferred to a furnace set at 730°C, and held for 60, 600
and 1800 seconds before quenching.
The rolling program is shown schematically in Fig.2.6.
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2.5.3

Metallographic Analysis of (7 + a) Microstructures

Deformation in the ( 7 + a ) two-phase region produces a mixed grain
structure, which consists of equiaxed a grains and 'cold-worked' a grains. The
metallographic preparation of rolled samples was carried out by standard mechanical
methods, with etching by means of saturated aqueous picric acid solution, and 2.5%
nital to reveal the grain boundaries of 7 and a, respectively.
The examination on the equiaxed a grains and 'cold-worked' 7 grains was
performed by optical microscopy and the volume fraction of recrystallized ferrite was
determined by point counting using a high magnification.
2.5.4 Scanning and Transmission Electron Microscope Analysis
Over-etched samples (2.5% nital for 30 seconds) were used to examine the
morphologies and volume fractions of cell, subgrain, and equiaxed a grain
structures using an Hitachi S 450 scanning electron microscope.
Thin foil samples were analysed using a JEOL 200kV transmission electron
microscope, to investigate substructural features such as cells, a subgrains,
polygonal a subgrains and interactions between these structures and alloy
carbonitride particles. Electropolishing of thin foils was performed in a solution of
8 % perchloric acid plus 9 2 % glacial acetic acid, with 45-55 V D C and 1.2-1.5 m A .
2.5.5 Micro-hardness Testing
Micro-hardness testing on as-deformed and restored ferrite regions was carried
out using a Leitz low load hardness machine with 100 g load. At least 10 hardness
tests were conducted on each sample on both recrystallized and unrecrystallized
ferrite grains, to obtain the Vickers hardness value (HV).
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Chapter 3

EXPERIMENTAL RESULTS
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3.1

EFFECT OF Ti, Nb AND Ti : N RATIO O N AUSTENITE

GRAIN COARSENING BEHAVIOUR
3.1.1 GCT of Continuously Cast Slabs
3.1.1.1 C-Mn steel
Figure 3.1 shows the changes in austenite microstructure in the concast slab
samples of the C - M n steel after reheating for 0.5 hr at various temperatures,
followed by immediate water quenching. Comparing these micrographs, it is clear
that after low temperature reheating (1000°C), the austenite grain size was refined. It
is also clear that the m e a n austenite grain size increases progressively with an
increase of reheating temperature, until obvious grain coarsening occurs at
~ 1 0 5 0 ° C , which can be approaximately established as the grain coarsening
temperature (GCTo.shr) of concast C - M n steel slab.
The grain size temperature relationship for the C-Mn steel is given in Fig. 3.2,
which also shows the austenite grain coasening characteristics for cast slabs of the
076Ti, 016Ti, and Ti-Nb steels.
3.1.1.2 016Ti steel
The 016Ti steel contained a low content of Ti (0.016wt%), with a Ti:N ratio of
2.66 which is less than the stoichiometric ratio (3.42).
The grain coarsening temperature (GCTn.shr) of the 016Ti steel established
from both the grain coarsening graph (Fig.3.2) and observed microstructures
(Fig.3.3) is in the range of 1200°C-1225°C, which is much higher than the G C T of
the C - M n steel (~1050°C).
It can be seen from Fig.3.3 that at the GCTn.shr of the 016Ti steel, (12001225°C), abnormal grain growth occurred and mixed grains characteristically
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persisted thereafter over a temperature range of about 100-150°C above the G C T . In
this range, the fine grained regions, ie. interdendritic regions, progressively
d-minished until relatively uniform coarser grains were observed at ~1350°C.

The mixed or duplex grain structure in the 016Ti steel made the determination

of austenite grain size of 016Ti steel more difficult than for the C-Mn steel. In t
case therefore, the average grain sizes within both dendritic and interdendritic
regions were determined separately, and the average grain size of the whole sample
was estimated by using the following equation:
d =fDxdD + fioxdn) [18j

where: d = average grain size of the whole sample,
dr> djD = the average grain size in dendritic and interdendritic regions,
respectively,
*_> f.D

=

the volume fractions of the two regions.

The average grain sizes plotted in Figures 3.2 and 3.4 for the cast samples of
016Ti steel were obtained in this way. Since fio < -25%, the dendritic grain size
dorninates, and the GCT of the 016Ti steel was determined largely according to the
coarsening behaviour of grains in the dendritic regions.
The significant effect of holding time on grain coarsening behaviour in the
016Ti steel can be seen clearly from Fig.3.4, and can be summarized as follows.
(i) for low reheating temperatures (<1100°C), increasing the holding time only
resulted in a very slight increase in grain size;

(ii) for high reheating temperatures near to or above 1200°C, increasing the holdin
time resulted in the rapid increase in grain size; and

(iii) the longer holding times resulted in a substantially lower GCT.
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From Fig.3.3 and Fig.3.4, it can be seen that as the holding time was
increased from 0.5 hour to 4 hours, the G C T of 016Ti steel decreased from 1200°C
to ~1120°C. It is clear that the G C T was a function of time at temperature and was
typically 50-75°C lower for a 4 hr treatment time as opposed to 0.5 hr (Fig.3.4).

In this thesis a holding time of 0.5 hr is used to define as the GCT of the 016Ti
and other steels.
3.1.1.3 076Ti steel
The 076Ti steel has a high Ti content with the Ti:N ratio (10.10) well in excess
of the stoichiometric ratio (3.42).
From Fig.3.2 and Fig.3.5, it is apparent that the GCTn.shr of the cast 076Ti
steel slab is in the range of 1100-1125°C, which is m u c h lower than for the cast
016Ti steel.
A mixed grain structure was produced after grain coarsening in the 076Ti steel,
but it was not as marked as for the cast 016Ti steel. In addition, the grain size
became more uniform after coarsening than in the 016Ti steel. The effect of holding
time on G C T was similar to, but was not as strong as that in 016Ti steel.
Although the titanium level in the 076Ti steel is much higher than in 016Ti
steel, the grain growth rate was higher than for the 016Ti steel. Therefore, although
the high Ti level and the high Ti:N ratio resulted in a uniform grain structure after
grain coarsening, it did not raise the G C T .
3.1.1.4 025Nb steel
Figure 3.6 shows that the grain coarsening temperature GCTn.shr

for

the

025Nb steel slab is in the range of 1030-1050°C, which is as low as the GCTn.shr
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of the C - M n steel, indicating that micro addition of niobium did not increase the
G C T of the C - M n base steel.
3.1.1.5 019Ti-024Nb steel
The Ti:N ratio for this steel is 2.11, which is less than stoichiometric ratio
(3.42), but the Ti:N ratio is less important here, because the grain coarsening
behaviour is influenced by the combined effect of the Ti-Nb additions.
From Fig.3.2 and Fig.3.7, it is obvious that the GCTn.shr of 019Ti-024Nb
steel slab is in the range of 1125-1150°C, only a little higher than the G C T of the
076Ti steel.
Although the Ti:N ratio of this steel is almost the same as that of the 016Ti
steel, the G C T of this steel is m u c h lower than for the 016Ti steel. However, the
G C T of this steel is higher than that for the 025Nb steel.
These results suggest that for the C-Mn HSLA steels investigated,
(i) micro-Nb addition did not increase GCT at all;

(ii) micro-Ti addition with Ti:N ratio near to the stoichiometric ratio increased t
G C T substantially; and
(iii) a high Ti content with Ti:N ratio in excess of the stoichiometric ratio only
increased the G C T slightly.
The combined effect of Ti and N b additions in increasing the G C T only
moderately, indicates that micro-Nb addition in Ti-bearing steel m a y decrease the
effectiveness of the Ti in increasing the G C T of the C - M n base steels.
After grain coarsening occurred, a mixed grain structure was apparent in
016Ti steel, and to a lesser extent in the 076Ti steel. However, the grain size of the
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019Ti-024Nb steel was relatively uniform. After the onset of grain coarsening, the
grain growth in this steel was uniform.
The effect of holding time on the GCT of the Ti-Nb steel was similar to that in
the 016Ti steel, ie, longer holding time resulted in lower G C T (Fig.3.4 and Fig 3.8).
3.1.2 GCT of Solution Treated (ST) and Hot Rolled (HR) Samples
Figure 3.9 shows the changes in austenite grain structure of the Ti and Ti-Nb
steels. O n e set of samples was solution-treated at 1250°C for 1 hr and air cooled
(ST, A C ) , another set of samples (HR) was from the commercially hot rolled plate
(233mm to 3 8 m m by 13 passes). Both sets of samples were reheated for 0.5 hr at
various temperatures to determine grain coarsening temperatures.
The changes in austenite grain structure indicated that hot rolling decreased the
G C T of the Ti and Ti-Nb steels to ~1000°C. Solution treatment followed by air
cooling decreased the G C T of the two steels to 1000°C and 1050°C, respectively.
Changes in the GCT for cast slab, solution treated and hot rolled samples are
summarized in Figure 3.10.
Although the G C T following hot rolling was about 1000°C in both cases, the
G C T of the Ti-Nb steel was somewhat higher than the 016Ti steel after solution
treatment (1050°C vs. 1000°C), in contrast to results for the cast slabs (Fig.3.2).

3.2

THE EFFECT OF ALLOY CARBONITRIDE PARTICLE SIZE

DISTRIBUTION O N AUSTENITE GRAIN COARSENING IN THE Ti
AND Ti-Nb STEELS
3.2.1 Precipitates in Concast Slab Samples
3.2.1.1 016Ti steel
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In the 016Ti cast slab, all of the extracted particles were cuboids. The typical
particle morphology and the particle size distribution are shown in Fig.3.11 and
Fig.3.12, respectively.

Microanalysis of the particles indicated that they were Ti-rich and electron
diffraction established that the cuboids had a f.c.c. crystal structure with ao = 4.36
A. These results are consistent with titanium nitride cuboids (145).
A few coarse TiN cuboids had sizes >2000A, but about 20% of the coarser
TiN particles ranged between 250-750A in size. A high volume fraction (~56%) of
very fine TiN particles (20A-100A) was also found in the 016Ti steel.
The Ti: N ratio of the 016Ti steel was 2.66, less than the stoichiometric ratio
(3.42). Assuming that all of the Ti is consumed in formation of TiN, the weight
fraction of T i N is about 2.5x10~4» and the corresponding volume fraction is
~3.2xl0" 4 , using densities of 7.865 and 5.22 g/c.c. for ferrite and TiN,
respectively.
3.2.1.2 076Ti steel
The 076Ti steel had a high titanium concentration (0.076%) and a high Ti: N
ratio (10:1), well in excess of the stoichiometric ratio.
Figure 3.13 shows the presence of m a n y large TiN particles (>2000A) and
rod-shaped Ti4C 2 S 2 precipitates (163) which were typically >3000A in length.
Some fine TiN cuboids (20-300A) were found in this steel. However, most of
thefineparticles were spheroidal, with a size range of 20-500A, and were probably
TiC, which forms at temperatures below 1100°C (145). Compared with these
spheroidal TiC particles, the fraction of TiN particles was negligible.

3.2.1.3 019Ti-024Nb steel
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S o m e large nitride cuboids were found in the cast steel slab, but their relative
frequency w a s small. Far more frequently observed were large dispersed dendritic
particles (Fig.3.14). These dendritic particles had a cube-shaped titanium-rich core
measuring -20-300A, and niobium-rich dendritic arms as shown in Fig.3.15.

The measured particle size distribution is shown in Fig.3.16. For dendritic
particles the cuboid core w a s measured as the effective particle size, because the
dendritic arms dissolved rapidly on reheating. T h e very fine particle fraction
included T i N b N cuboids (-10%) and N b T i ( C N ) spheroids (-90%), and in this
thesis, all of the particles in Ti-Nb steel will be referred to as N b T i ( C N ) for
convenience.

3.2.2 Precipitates in Solution Treated (ST) Samples

After reheating the 016Ti steel to 1250°C for 1 hr and water quenching, most
of the very fine T i N particles were dissolved, the remaining large particles become
more faceted, and the matrix looked very "clean" (Fig.3.17 a). However, for air
cooling after solution treatment, m a n yfine,well faceted TiN particles were extracted
(Fig.3.17 b). These particles precipitated from austenite during air cooling. Particle
size distributions for the solution treated samples are compared with that for the cast
condition in Fig.3.18. It is clear that the average size of the TiN particles increased
after solution treatment, especially after solution treatment followed by water
quenching.
After solution treatment of the 019Ti-024Nb steel at 1250°C for 1 hr then
water quenching, most of the fine particles, including T i N b N cuboids and
N b T i ( C N ) spheroids had dissolved; and mainly coarse particles remained. O n air
cooling after solution treatment, fine T i N b N cuboids and NbTi(CN) spheroids were
re-precipitated. T h e large number of dendritic T i N b N particles present in the cast
slab samples were absent after solution treatment followed by both water quenching
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(a) E D S x-ray analysis from dendrite arms;
(b) E D S x-ray analysis from cuboid core;
(c) T E M micrograph of typical dendritic particle.
Note the cube-shaped Ti-rich core.
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and air cooling. T h e Nb-rich dendritic arms therefore dissolved during solution
treatment and only the cores of the dendritic particles remained. Changes in the
particle size distributions in the Ti-Nb steel are s h o w n in Fig.3.19. Solution
treatment also caused an increase in average size of the particles, but the differences
were smaller than those for the 016Ti steel.

3.2.3 Precipitates in Hot Rolled Plate (HR) Samples
Extraction replicas of samples from commercially hot rolled plates of the 016Ti
and 019Ti-024Nb steels indicated that hot rolling can result in fine, uniformly
dispersed particles having a well-defined faceted form, closely similar to that in
solution treated and air cooled samples.
Figure 3.20 shows the fine and uniformly dispersed TiN particles in
commercially hot rolled 016Ti steel plate. This precipitate dispersion arises from the
solution offineprecipitates during soaking and re-precipitation during hot rolling.
Experimental measurements showed that after hot rolling, the mean size of the
particles in the 016Ti steel was ~ 1 9 0 A and about 1 2 % of the particles were less than
100A. In comparison, the cast 016Ti slab samples showed a m e a n size of - 1 2 6 A
with about 5 6 % of the particles less than 100A.
Figure 3.21 shows well-defined faceted precipitates in commercially hot rolled
019Ti-024Nb steel plate. Dendrites or "stars" existing in the concast slab of this steel
disappeared after hot rolling, suggesting that the arms had dissolved during soaking,
leaving cubic cores.
The m e a n particle size of the 019Ti-024Nb steel after hot rolling was 164A,
and about 2 8 % of the particles were less than 100A. In the cast slab the mean particle
size w a s 135A and 5 0 % of the particles were less than 100A in size.
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3.3

RECRYSTALLIZATION

BEHAVIOUR

OF

DEFORMED

y

AFTER ROLLING IN T H E STABLE y REGION
3.3.1 Recrystallization of Deformed y after Reheating to 1260°C
and Rolling at 850-1250°C
3.3.1.1 Initial austenite grain size
The reheating temperature of 1260°C was higher than GCTs of all steels
investigated, so after reheating, grain coarsening occurred, and the initial y grain
sizes were -235 u m (C-Mn), 85 urn (016Ti) and 115 u m (Ti-Nb).
3.3.1.2 High temperature (>1100°C) rolling
After rolling at temperatures >1100°C, with reductions >35%, fully
recrystallized y structures were found in all steels after holding for 120 seconds after
rolling.
Differences in y recrystallization behaviour between the C-Mn and the two
microalloyed steels were only observed in samples rolled with reductions < - 3 5 %
and held for less than 60 seconds. For example, Fig.3.22 indicates that for 3 5 %
reduction at 1150°C, deformed y in the C - M n steel was fully recrystallized, but in
both the 016Ti and Ti-Nb steels it was partially recrystallized.
These observations indicate that after reheating to 1260°C and rolling at high
temperatures (>1100°C), the effect of Ti and Ti-Nb additions on retarding y
recrystallization is not strong.
3.3.1.3 Rolling at 1100°C - 950°C
After rolling in the temperature range 1100°C - 950°C, the effects of Ti and
Ti-Nb on retarding y recrystallization were remarkable, with the effect of Ti-Nb
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being stronger than Ti alone. A s shown in Fig.3.23, after rolling with 6 0 %
reduction at 9 5 0 ° C and quenching within 3 sec, the volume fractions of y
recrystallization in both the Ti and Ti-Nb steels were less than in the C - M n steel, and
deformed y grains were still evident in the Ti-Nb steel.

3.3.1.4 Low temperature (< 950°C) rolling
After rolling at low temperatures (< 950°C), Ti and Ti-Nb additions can
substantially retard austenite recrystallization for a range of reductions and long
holding times. A s shown in Fig.3.24, after 3 0 % rolling at 850°C and holding at
850°C for 10 seconds, the C - M n steel was nearly fully recrystallized. In contrast,
the Ti steel was partially recrystallized and the Ti-Nb steel was fully unrecrystallized.
S o m e twin or deformation bands can be observed in the Ti-Nb steel.
The effects of Ti and Ti-Nb additions on the retardation of 7 recrystallization
were more pronounced after heavy reductions at low temperatures, as shown in
Fig.3.25. Thisfigureshows that after rolling for 5 0 % reduction and holding for 300
seconds at 850°C, the C - M n steel was almost fully recrystallized, but the 016Ti steel
was partially recrystallized and Ti-Nb steel was nearly fully unrecrystallized. Figure
3.26 shows after 6 0 % reduction and 30 seconds holding at 850°C, recrystallization
started in the C - M n steel, but not in Ti and Ti-Nb steels.
3.3.1.5 Critical temperature for recrystallization of deformed 7 (Tc)

The experimental results showed that for each steel there is a critical
temperature for 7 recrystallization (T c ), below which recrystallization of deformed 7
will not occur even after rolling with high reductions.
For the Ti-Nb steel, pancaked 7 grains started to appear in samples rolled at
9 5 0 ° C (Fig.3.23c), and were present in samples rolled at 8 5 0 ° C (Fig.3.26c),
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suggesting that the critical temperature for recrystallization of deformed 7 (T c ) in the
Ti-Nb steel is about 900°C for the rolling conditions used in this work.
For the 016Ti steel, pancaked 7 grains existed in samples rolled at 850°C
(Fig.3.26b), suggesting that the critical temperature for recrystallization of deformed
7 in the 016Ti steel is about 850°C.

For the C-Mn steel, some pancaked 7 grains were observed in samples rolled
at 8 5 0 ° C (Fig.3.26a) mixed with recrystallized 7 grains. Fully unrecrystallized 7
was observed in samples rolled at 7 8 5 ° C w h e n (7 + a ) two-phase rolling
experiments were carried out (Fig.3.32a). This observation is consistent with a
critical temperature for recrystallization of deformed 7 (T c ) in the C - M n steel of
about 800°C.
3.3.1.6

Critical rolling reduction for recrystallization of deformed 7

(r c )
Experimental results showed that in addition to the rolling temperature, the
rolling reduction is another important factor which influences the recrystallization
behaviour of deformed 7. For each steel, at a given rolling temperature, there is a
critical rolling reduction for the onset of full recrystallization of deformed 7.
For the C-Mn steel, rc is very small (-5%), and therefore for the rolling
reduction range (7-60%) adopted in this work, full recrystallization of deformed 7
occurred in the C - M n steel w h e n rolling was performed at temperatures higher than
T c for this steel (~800°C) and the holding time was sufficiently long.
However, for the 016Ti and Ti-Nb steels, and rolling reductions smaller than
- 1 0 - 1 5 % , full recrystallization of deformed 7 did not occur, only partial
recrystallization occurred in some 7 grains, and a few 7 grains grew abnormally,
resulting in a mixed 7 grain structure consisting of undeformed 7 and very large
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recrystallized 7 grains (Fig.3.27 c,e). Figure 3.27c shows an abnormally large grain
with serrated boundaries.

3.3.1.7 Deformation bands and deformed twin boundaries
After rolling in the stable 7 region at temperatures below the critical range (Tc),
approaximately planar boundaries can appear in deformed 7 grains. These
boundaries are often in pairs and cross the whole 7 grain, dividing it into several
blocks, as can be seen in Fig.3.24c, 3.25c, 3.26 and Fig.4.4a. The boundaries of
these bands are deformed annealing twin boundaries which become incoherent due
to deformation. Other planar discontinuities - deformation bands can arise during
deformation of the austenite grains.

During rolling or isothermal holding after rolling, these internal boundaries can
act as nucleation sites for recrystallized 7 grains, as shown in Fig.3.26a.
3.3.1.8 Recrystallized 7 grain size
After rolling at temperatures higher than the critical temperature for 7
recrystallization (T c ), the fully recrystallized 7 grain size prior to grain growth was
mainly determined by the rolling reduction. The effect of rolling temperature on the
fully recrystallized 7 grain size was not significant. Further refinement of the fully
recrystallized 7 grain size can only be approached by rolling at temperatures near or
below the critical temperature for 7 recrystallization (T c ). This aspect will be
discussed in detail in Section 4.11, Chapter 4.
3.3.2

Recrystallization of D e f o r m e d 7 after Reheating to 1 1 5 0 ° C and

Rolling at 850-1150°C
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Because a reheating temperature of 1150°C is lower than the G C T of the
016Ti steel, but higher than those for the C - M n and Ti-Nb steels, grain coarsening
occurred in the C - M n and Ti-Nb steels, but not in the 016Ti steel (Fig.3.28).

Mixed grain sizes caused by both partial coarsening during reheating and small
rolling reductions occurred in the Ti-Nb steel, but not in the 016Ti steel. A s shown
in Fig.3.28, after rolling 1 5 % and holding for 30 seconds at 850°C, a few y grains
grew abnormally in the Ti-Nb steel (Fig.3.28f), which is similar to the effect
observed in both the 016Ti and Ti-Nb steels after 1260°C reheating and low
reduction (Fig.3.27c,e). N o abnormal or exaggerated grain growth occurred in the
016Ti steel (Fig.3.28d).
In both Ti and Ti-Nb steels, recrystallization of deformed 7 was more sluggish
than in the C - M n steel, as indicated by Fig.3.29, which shows that after 3 5 % rolling
and 10 seconds holding at 850°C, the C - M n steel was nearly fully recrystallized, but
016Ti steel w a s partially recrystallized and the Ti-Nb steel was fully
unrecrystallized.

Under the same rolling and holding conditions, the volume fraction of
recrystallized 7 grains in the Ti-Nb steel was always smaller than in 016Ti steel, as
shown in Fig.3.29 c-f.
Under the same conditions, the volume fraction of recrystallized 7 in the 016Ti
steel was only slightly smaller than in the C - M n steel, as shown in Fig.3.28 b, d and
Fig.3.29 a-d. However, in this case, the difference in initial austenite grain sizes
(21um for 016Ti vs 160um, for C - M n ) should be considered.
3.3.3

Recrystallization of D e f o r m e d 7 after Reheating to 1080°C and

Rolling at 850-1050°C
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P5FI
Fig. 3.28 Optical micrographs showing austenite
structures, after reheating to 1150°C for 30 min.,
rolling and holding for 30 sec. at 850QC, followed by
water quenching, (D = mean austenite grain size, um),
75x.
(a) C-Mn,
0 % rolled, D = 1 6 0 u m ,
(b) C-Mn, 1 5 % rolled, D = 1 5 5 u m ,
(c) 016TI, 0 % rolled, D = 2 1 u m ,
(d) 016Ti, 1 5 % rolled, D = 2 0 u m ,
(e) Ti-Nb, 0 % rolled, D = 7 5 u m ,
(f) Ti-Nb, 1 5 % rolled, D = 110um.
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Fig. 3.29
Optical micrographs showing
austenite
recrystallization, after reheating to 1150°C for 30
min., 3 5 % rolling and holding at 850°C, followed by
water quenching, (th= holding time at 850°C after
rolling), 75x.
(a) C-Mn, th=10 sec,
(b) C-Mn, th=600 sec,
(c) 016Ti, th = 10 sec,
(d) 01 6Ti, th=600 sec,
(e) Ti-Nb, th=10 sec,
(f) Ti-Nb, th=600 sec.
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This reheating temperature was lower than the G C T s of the Ti and Ti-Nb
steels, but still higher than G C T of C - M n steel. So after reheating, some grain
coarsening occurred in the C - M n steel, but not in the 016Ti and Ti-Nb steels, as
shown in Fig.3.30 a,c,e.
Abnormal grain coarsening due to small reductions occurred in both the Ti and
Ti-Nb steels after reheating to 1260°C; and in the Ti-Nb steel after 1150°C.
However, the lowest reheating temperature of 1080°C did not result in abnormal
grain growth in either microalloyed steel after a small reduction, as shown in
Fig.3.31.
For 35% reduction at 850°C and holding for 600 sec, Ti and Ti-Nb additions
resulted in slightly smaller volume fractions of recrystallized y than in the C - M n
steel, as shown in Fig.3.30 b,d,f. However, similar to the case of the 016Ti steel
after reheating to 1150°C (Section 3.3.2), the differences in initial austenite grain
sizes (19 u m for 016Ti and 20 u m for Ti-Nb vs 95 u m for C - M n ) should be
considered.

3.4

EFFECT OF Ti AND Ti-Nb ON 7~> a TRANSFORMATION

AND RESTORATION OF DEFORMED 7 AND a

3.4.1 The Establishment of the ( 7 + a ) Two-phase Region
Figure 3.32 shows the 7 -> a transformation characteristics in concast slab
samples of the three steels investigated.
Figures 3.32 a, b, c show the microstructures of samples rolled at 785°C with
2 8 % reduction and water quenched immediately. It can be seen that some very small
a grains formed at 7 grain boundaries as well as at the boundaries of deformation
bands and twins, suggesting that the temperature (785°C) is near the upper limit
(A r 3) of the (7 + a ) two-phase region.
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Fig. 3.30
Optical micrographs showing
austenite
recrystallization, after reheating to 1080°C for 30
min., rolling and 600 sec. holding at 850°C, followed
by water quenching, (D = mean y grain size, um), 75x.
(a) C-Mn,
0 % rolled, D = 9 5 u m ,
(b) C-Mn, 3 5 % rolled, D = 9 0 u m ,
(c) 016Ti, 0 % rolled, D = 1 9 u m ,
(d) 016Ti, 3 5 % rolled, D = 1 3 u m ,
(e) Ti-Nb, 0 % rolled, D = 2 0 u m ,
(f) Ti-Nb, 3 5 % rolled, D = 1 3 u m .
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Fig. 3.31
Optical micrographs showing
austenite
recrystallization, after reheating to 1080°C for 30
min., 1 4 % rolling and holding at 850°C, followed by
water quenching, 75x.
(a) C-Mn, held 5 min.,
(b) C-Mn, held 20 min.,
(c) 016Ti, held 5 min.,
(d) 016Ti, held 20 min.,
(e) Ti-Nb, held 5 min.,
(f) Ti-Nb, held 20 min.
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Fig. 3.32
Optical micrographs showing amount and
morphology of ferrite transformed from austenite in
deformed and undeformed samples of the three steels.
The samples were reheated to 1260°C for 0.5 hr, and
water quenched after the following treatment, 60x.
(a) C - M n (b) 01 6Ti (c) Ti-Nb: 7 8 5 ° C x 1 0 m i n , 7 8 5 O C x 2 8 % ,
(d) C - M n (e) 0 1 6 T i (f) Ti-Nb: 7 5 5 ° C x 1 0 m i n ,
(g) C - M n (h) 0 1 6 T I (i) Ti-Nb: 7 3 0 ° C x 1 0 m i n ,
(j) C - M n (k) 0 1 6 T i (I) Ti-Nb: 7 1 0 ° C x 1 0 m i n ,
( m ) C - M n (n) 0 1 6 T i (o) Ti-Nb: 685<>Cx10min.
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Figures 3.32 d-o show the (7 + a ) microstructures in the concast slab samples
of the three steels which were reheated to 1260°C for 30 minutes followed by
holding at different temperatures for ten minutes. Obviously, for all three steels, the
volume fraction of a increased with decreasing holding temperature, from about
1 0 % in samples held at 755°C to about 7 5 % in samples held at 685°C.

The temperature (685°C) is believed to be a little higher than the lower limit
(A r i) of the ( 7 + a ) two-phase region. Therefore, the ( 7 + a ) two-phase region
for undeformed steels was established to lie between ~670°C and ~770°C.

The rolling and subsequent isothermal holding temperature (730°C) adopted in
this work is in the upper range of ( 7 + a ) two-phase region for the three steels.

Figure 3.32 also shows that although the volume fractions of a increased with
decrease of holding temperature in the ( 7 + a ) two-phase region, for each steel the
a grain size was almost the same, indicating that the increase of a volume fraction
resulting from lowering of the holding temperature was due to the increase of a
nucleation frequency, not to an increase of a grain size. In other words, the main
effect of decreasing holding temperature on 7 -> a transformation is accelerating a
nucleation.
It is very important to emphasize the initial (7 + a) microstructures in samples
prior to rolling, because the initial (7 + a ) microstructures m a y influence the
subsequent 7 -> a transformation during and after rolling.
The (7+ a ) microstructures prior to rolling are shown clearly in Fig.3.33. The
main points for all three steels are:
(i) a grains were formed mainly at 7 grain boundaries, and most of these a
grains were ellipsoidal in shape; and
(ii) the volume fraction of a was about 3 0 % .
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The initial grain sizes of 7 and a were quite different; both 7 and a grains in
016Ti and Ti-Nb steels were muchfinerthan that of the C - M n steel, which should
be due to the effect of Ti and Ti-Nb additions in suppressing 7 grain growth during
reheating.
The initial 7 and a grain sizes were measured and are recorded in Table 2.
Table 2 Initial grain sizes of 7 and a prior to rolling in the (7 + a) twophase region

Steel

7 grain size

um

a grain siz
um

Number of a grains per
m m of 7 grain boundary

C-Mn

235

27

37

016Ti

85

18

55

115

20

50

019Ti-024Nb

3.4.2

Strain Induced 7 -> a Transformation

Optical micrographs in Fig.3.34 show the effect of deformation on 7 -> a
transformation. The results shown in Fig.3.33 and Fig.3.34 indicate that for all three
steels, in undeformed samples (Fig.3.33) and in lightly rolled samples (Fig.3.34
a,b,c), a grains nucleated mainly at 7 grain boundaries.
It can be seen from Fig.3.33 and Fig.3.34 that the volume fractions of a in
8 % rolled samples of the three steels were almost the same as in undeformed
samples, implying that the strain induced 7 -> a transformation can only occur when
the rolling reduction is higher than a critical value.
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Fig. 3.33

Optical

^

micrographs

showing

the initial y

and a grain size before rolling. The samples from the
three steel slabs were reheated to 1260°C for 30min.,
held at 7 3 0 ° C for 10 min., and then water quenched,
125x.
(a) C - M n

(b) 016Ti

(c) 019Ti-024Nb
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Fig. 3.34

Optical micrographs showing the effect of

rolling reduction on 7 -> a

transformation. All of the

samples were reheated to 1260°C for 30 min., held at
7 3 0 ° C for 10 min., rolled with 8 % (a,b,c), 2 8 % (d,e,f),
60%

(g,h,i) reductions and then held at 730° C for 1

min., before water quenching. 120x.
(a)(d)(g): C-M

(b)(e)(h): 016TJ

(c)(f)(I): Ti-Nb
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In samples rolled with reductions larger than the critical values, a grains
nucleated at 7 grain boundaries as well as in 7 grain interiors (Fig.3.34 d-i), and the
volume fraction of a w a s considerably higher than in undeformed and lightly rolled
samples held for the same time at the same temperature. These results indicate that
rolling in the (7+ a ) two-phase region can accelerate the 7 ~ > a transformation. The
a volume fractions in the Ti and Ti-Nb steels were m u c h higher than in the C - M n
steel, as shown in Fig.3.34 d,e,f, after 2 8 % rolling and 1 minute holding.
Figure 3.34 also shows that the increase of a volume fraction resulting from
higher rolling reductions is due to an increase in a nucleation rate, not an increase of
a grain size, because the a grain size decreases with increasing rolling reduction.

Figure 3.35 gives the relationship between a volume fractions and rolling
reductions for samples held at 7 3 0 ° C for 1 minute after rolling. In the C - M n steel,
the volume fraction increased gradually with increase in rolling reduction. In
contrast, for the Ti and Ti-Nb steels, the curves became steep in the range of medium
rolling reductions (-25-40%), indicating that the presence of Ti and Ti-Nb additions
substantially enhances the strain induced 7 - > a transformation. The critical rolling
reductions for the strain-induced 7 - > a transformation mentioned above can also be
deduced from Fig.3.35: for holding at 7 3 0 ° C for 1 min. after rolling, the critical
rolling reductions for strain induced 7 ~ > a transformation were 2 0 % , 1 0 % , and
1 5 % for the C - M n , Ti and Ti -Nb steels, respectively.
The effect of deformation on accelerating 7 -> a transformation is similar to the
effect of lowering holding temperature and, in this sense, deformation in (7 + a )
two-phase region raises the y-> a transformation temperature (A1-3).

Some investigators have pointed out that deformation at temperatures above
Ar3 can raise the 7-> a transformation temperature (100).
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The volume fractions of a in undeformed, 2 8 % , and 6 0 % rolled samples are
summarized in Table 3.
Table 3 Volume percentages of a in undeformed and 2 8 % , 6 0 % rolled samples

Volume percentages of a
Steel

undeformed, 10 min. at
755°C 730°C 710°C 685°C

2 8 % rolled, 1 min. 6 0 % rolled, 1 min.
at 730°C

at 730°C

C-Mn

10

28

40

70

35(*715°C)

55 (*700°C)

016Ti

15

32

45

75

55 (*700°C)

70 (*690°C)

Ti-Nb

12

30

42

72

52 (*700°C)

68 (*690°C)

* The temperature at which an equivalent volume percentage of a can be produced in
undeformed samples
It can be seen from Table 3 that, after 2 8 % rolling and 1 minute holding at
730°C, the volume fractions of a formed in the three steels are equivalent to those
formed in undeformed samples held at 715°C, 700°C and 700°C for the C-Mn,
016Ti and Ti-Nb steels, respectively. This means that rolling with 2 8 % reduction at
730°C can in effect raise the y-> a transformation temperature by about 15°C for
the C - M n steel, and about 30°C for the Ti and Ti-Nb and steels. A reduction of 6 0 %
raised the 7-> a transformation temperature by about 30°C for the C - M n steel, and
40°C for both the Ti and Ti-Nb steels.

These results indicate that after rolling with the same reduction, the increase i
a volume fraction ( or the equivalent increase in the 7 -> a transformation
temperature) was higher in the 016Ti and Ti-Nb steels than in the C - M n steel, i.e.,
Ti and Ti-Nb additions enhance strain induced 7-> a transformation, more strongly
than in the C - M n base steel.
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3.4.3

Effect

of

Deformation

and

Ti, T i - N b

Additions

on

a

Nucleation Site

The experimental results indicated that the nucleation sites for a in undeformed
and deformed samples are quite different (Fig.3.36).
3.4.3.1 Undeformed samples
As shown in Fig.3.36a, a grains nucleated at y grain boundaries in
undeformed samples and grew into both of the ajoining y grains. The prior y grain
boundaries were ehrninated after a grains nucleated and grew.
In the samples rolled with reductions smaller than the critical values, a grains
also nucleated mainly at 7 grain boundaries.

3.4.3.2 Deformed samples
In samples rolled with reductions higher than the critical value, a grains
nucleated at 7 grain boundaries, as well as the interiors.
During rolling, deformation bands were produced in the 7 grains, dividing one
y grain into several blocks, and in addition to a grains nucleating at the 7 grain
boundaries, they also nucleated at the boundaries of these deformation bands and
activated twin boundaries, or even directly at dislocations, as shown in Fig.3.36 b-f.

Figure 3.36b shows an example of a grain nucleating at both 7 grain
boundaries and interiors, mainly at approximately planar and parallel internal
boundaries, which m a y be the slip planes.
Figure 3.36c shows that very small a grains nucleate at boundaries of
deformation bands during or just after rolling. Figure 3.36b and d show that
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Fig. 3.36 Optical micrographs
showing
various
nucleation sites for a in undeformed and deformed
samples of the three steels.
(a) a grains nucleated only at 7 grain boundaries in
undeformed samples of the C-Mn steel. 125x.
(b) a grains nucleated at 7 grain boundaries
and
interiors in deformed samples of the Ti-Nb steel.
180x.
(c) Small a grains nucleated at the boundaries of
deformation bands in 016Ti steel. 180x.
(d) a
grains nucleated
at the boundaries of
deformation bands in the Ti-Nb steel. 230x.
(e) a grains nucleated at deformed twin boundaries in
the 016Ti steel. 230x.
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additional a grains form at the boundaries of deformation bands during holding after
rolling.

Figure 3.36e indicates that in deformed samples the boundaries of deformed
twins are also preferential nucleation sites for a. T h e a grains nucleated at the
activated twin boundaries and usually grew into one side, with the traces of the twin
boundaries remaining clear after 7 -> a transformation.

3.4.3.3 Effect of Ti and Ti-Nb on the number of a nucleation sites
Ti and Ti-Nb additions increased the number of a nucleation sites by refining
the initial 7 grains, and increasing the densities of deformation bands and activated
twins.
Figure 3.37 shows prior 7 boundaries in samples rolled 28% at 785°C and
immediately quenched. Deformed recrystallization twins are clearly shown. The
boundaries of these twins are activated as nucleating sites for a nucleation after
deformation levels high enough to result in significant dislocation accumulation and
the destruction of coherency.

Hot rolling can, in addition, generate deformation bands (67) which also
provide sites for nucleation of a. Since both deformation and twin bands are
approximately planar, they are difficult to distinguish in partially transformed
samples.
Intragranular nucleation of a was more pronounced in the microalloyed steels
(see, for example, Fig.3.34 d,e,f), since precipitate particles of Ti and Ti-Nb
carbides and nitrides retard restoration of the deformed 7, retaining structural
heterogeneities which are effective as a nucleation sites and in increasing the driving
force for polymorphic transformation.

116

^.^iX.:f /-£< fva_>-:-'vX_j>^.-4 •*£ i >*4K ij£ f M

v _, ? **<x y^k X X - X ^ X ^ A ' x\

iS_r4^
c X

XXX'X?

-

.v-.>-;

Fig. 3.37 Optical
additions
deformed

micrographs

substantially
(activated) twins

showing

increase

the

Ti and Ti-Nb
density

in as-deformed

of

7 grains.

The samples were rolled at 785°C with 2 8 % reduction
and immediately water quenched, 125x.
(a) C-Mn

(b) 016Ti

(c) 019Ti-024Nb
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After 2 8 % rolling at 785°C, the average 7 grain sizes along the longitudinal
direction in the C - M n , 016Ti and Ti-Nb steels were about 300 u m , 110 u m , 150 u m
respectively. Obviously the finer as-deformed 7 grain sizes in the 016Ti and Ti-Nb
steels than in the C - M n steel were due to the finer initial 7 grain sizes after reheating
at 1260°C before rolling. In addition, the grain refining effect of Ti was stronger
than for additions of both Ti and Nb.
The numbers of deformed twins per unit area ( mm2) in these samples were
counted and are -14 m m - 2 , -45 m m " 2 ' -36 m m - 2 for the C-Mn, 016Ti and Ti-Nb
steels, respectively. The densities are m u c h higher in the Ti-Nb and 016Ti steels
compared with the C - M n steel.

The changes of density of deformed twins with rolling reduction are shown in
Fig.3.38. In the whole range of rolling reductions adopted in this work, Ti and TiN b additions substantially increased the density of deformed twins compared with
the C - M n steel under the same rolling and holding conditions, and Ti exerted a
stronger effect than Ti-Nb.
3.4.4

Effect

of

Deformation

Nucleation Rate and a

and

Ti, Ti-Nb

Additions

on

a

Grain Size

Due to strain induced 7 -> a transformation, during rolling and/or isothermal
holding, a nucleation rate was accelerated and a grains were refined. These effects
were enhanced in the 016Ti and Ti-Nb steels by the effect of Ti and Ti-Nb additions.

Optical micrographs in Fig.3.39 show the effects of deformation and Ti, TiN b additions on a nucleation rate and a grain size.

3.4.4.1 Nucleation at deformed 7 grain boundaries
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Optical

micrographs

showing

changes

of

number and size of a grains at 7 grain boundaries and
interiors, 125x.
a. C-Mn b. 016Ti c. Ti-Nb: 730°C,

0%red., 10 min., W.Q

d. C-Mn e. 016Ti f. Ti-Nb: 730°C, 28%red.,

5 min., W.Q

g. C-Mn h. 016Ti i. Ti-Nb: 730<>C, 60%red., 10 min., W.Q
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In undeformed samples, the average numbers of a grains intersecting each m m
of 7 grain boundary were estimated to be 37 mm- 1 ,55 m m " 1 and 50 m m " 1 for the CM n , 016Ti and Ti-Nb steels, respectively. The corresponding a grain sizes were 27
u m , 18 u m and 20 u m (Fig.3.39 a,b,c).
During rolling, a grains which formed at 7 grain boundaries were deformed
and then became smaller due to the formation of a subgrains and recrystallized a
grains. N e w a grains, which formed from deformed 7 after rolling, also nucleated at
deformed 7 grain boundaries. A n increase in number of a grains per m m of 7 grain
boundary occurred compared with undeformed samples (Fig.3.39).
Table 4

The number of a grains per m m of 7 grain boundary after reheating

at 1260°C for 30 min., holding at 730°C for 10 min., followed by immediate
water quenching (undeformed), or by rolling and holding for 1 min. at 730°C.
Number of a grains per m m of 7 grain boundary

Steel

undeformed

rolled 2 8 % , held lmin.

rolled 6 0 % , held lmin.

C-Mn

37

60

95

016Ti

55

140

265

Ti-Nb

50

125

255

Table 4 summarises experimental results for number of a grains per m m of 7
grain boundary. From Table 4 it is clear that deformation can markedly increase the
a nucleation rate at 7 grain boundaries and refine the a grain sizes; Ti and Ti-Nb
additions enhance these effects.
3.4.4.2

Nucleation of a within deformed 7 grains

In undeformed samples and samples rolled with reductions smaller than the
critical values, very few a grains nucleated within 7 grains.
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W h e n rolling reductions exceeded the critical values, many veryfinea grains
with size 2-10 u m nucleated within deformed 7 grains during or after rolling. D u e to
formation of these small a grains, the average a grain size was generally finer than
that before rolling for all three steels.
The grain sizes of a nucleated within deformed 7 grains are summarised in
Table 5.
Table 5 Grain size of a nucleated within 7 grains after rolling and holding
fori minute at 730°C.
Steel

sizes of a grains nucleated within deformed 7 grains
8 % rolled

2 8 % rolled

6 0 % rolled

C-Mn

21

11.5

6.0

016Ti

16

5.2

3.8

Ti-Nb

15

5.0

3.5

From Tables 3 and 5, it is clear that the volume fraction and grain size of a
formed within 7 grains in 2 8 % rolled samples of the Ti-Nb and 016Ti steels are
similar to those in the C - M n steel after 6 0 % rolling. This conclusion is supported by
Fig.3.34 e, g and h.
Because 7 -> a transformation was accelerated for the Ti and Ti-Nb steels
during isothermal holding, n e w a grains which formed at interiors of deformed 7
grains, soon impinged on existing a grains and could not grow further. This effect
of Ti and Ti-Nb additions resulted in further refinement of a grains in deformed
samples, compared with the C - M n steel under the same rolling and holding
conditions. Figure 3.40 shows that a few coarse a grains formed within 7 grains in
the C - M n steel, but muchfinera grains formed in the 016Ti and Ti-Nb steels.
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Therefore, the a nucleation rate within deformed 7 grains was accelerated
slightly by deformation in the C - M n steel, but was greatly enhanced by a moderate
deformation in the Ti and Ti-Nb steels. This effect of Ti and Ti-Nb additions is of
great importance in commercial production, since multi-pass rolling is widely used
and the reductions of individual passes are usually of the m e d i u m level (20-35%).
For such rolling condition, homogeneous and refined a grains can be obtained in Tiand Ti-Nb-bearing steels because these additions enhance the effect of deformation
on accelerating a nucleation at both surfaces and interiors of deformed 7 grains. In
the C - M n steel, this effect can only be obtained by heavy reductions.
3.4.4.3 Mixed a grain structures

In the samples rolled and held in (7 + a) two-phase region, the a grains
consisted of the following different types and average sizes:
(i) deformed and unrecrystallized a grains with a size of 12-25 um;

(ii) a subgrains with size of 1-2 um in unrecrystallized a;

(iii) deformed and then recrystallized a grains with a size of 3-10 um;

(iv) new a grains nucleated at deformed 7 grain boundaries and interiors after
rolling, with a size of 1-10 u m .
All of these types of a grains make it difficult to give a very exact value of
average a grain size in deformed samples. Although there was such a difficulty, the
main objective was to investigate the effect of Ti and Ti-Nb additions, not to obtain
exact values for grain size. Therefore, the a grain size w a s approximately
established in the following way.
In samples undeformed, and rolled with low reductions (<28% for the C-Mn
steel and < 1 7 % for the Ti and Ti-Nb steels), the sizes of a grains nucleated at 7 grain
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boundaries were measured to represent the average a grain size, because only a few
a grains formed within the 7 grains, and their influence on the average value of a
grain size can be neglected.

In samples rolled with reductions >28% for the C-Mn steel and >17% for the
Ti and Ti-Nb steels, the sizes of a grains nucleated within the 7 grains were
measured to represent the average size, because their numbers were - 2 orders of
magnitude higher than those of the a grains formed at 7 grain boundaries.

The measured and calculated results are shown in Fig.3.41 which summarizes
the effect of deformation and Ti, Ti-Nb additions on a grain size.

From Fig.3.41 it is clear that for C-Mn steel, a grains were refined gradually
with increase in rolling reduction, and very fine a grains were only obtained by
heavy reductions (>40%).
For the 016Ti and Ti-Nb steels, fine a grains can be obtained under medium
rolling reductions (20%-35%), and when rolling reductions are higher than 4 0 % , the
a grain size diminishes towards a limiting value

3.4.5 Effect of Isothermal Holding after Rolling on a Grain Size
3.4.5.1 Factors which influence the changes of a grain size during
isothermal holding
The experimental results showed that the changes of a grain size were
influenced by the following three factors during and/or after rolling.
(1) Recovery and recrystallization processes in deformed a grains.
Recovery processes reduced the average a grain size because of the formation
of a subgrains. Recrystallization generally increased the a grain size due to the
formation of recrystallized a grains and their growth.
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(2) Strain-induced 7 -> a transformation and growth of n e w a grains.
The formation of very small n e w a grains decreased the average a grain size.
The growth of these n e w a grains increased the average a grain size.

(3) The presence of Ti or Ti-Nb additions
Ti and Ti-Nb additions accelerated strain-induced 7 -> a transformation and
retarded restoration of deformed a grains. The enhancement of strain induced 7
-> a transformation decreased the average a grain size, whereas retardation of
recovery maintained the size of the coarse as-deformed a grains. Retardation of
recrystallization also maintained the a subgrain structure, resulting in finer
average a grain size.

When two or three of these factors operated simultaneously, the situation was
complicated.
Figure 3.42 shows the typical change in a grain size during isothermal holding
after rolling. In immediately quenched samples, prior a grains at 7 grain boundaries
were as-deformed and some of them contained cells or subgrains (Fig.3.42a).
O n holding for 1 minute after rolling (Fig.3.42b), strain-induced 7 -> a
transformation occurred in deformed 7 grains and recovery processes simultaneously
took place in deformed a grains. D u e to the formation of small n e w a grains in
deformed 7 and a subgrains in deformed a, the average a grain size became smaller
than in as-deformed samples.
After holding for 10 minutes (Fig.3.42c), recrystallization occurred in the
deformed a grains, and the average a grain size was higher than samples held for
one minute.
For a 30 minutes holding time (Fig.3.42d), recrystallized a grains grew
further, and the average a grain size increased.
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Fig. 3.42

Optical micrographs showing changes of a

grain size in the C-Mn steel during isothermal holding
after 4 0 % rolling. 120x.
(a) immediately quenched,

(b) held for 1 minute.

(c) held for 10 minutes.

(d) held for 30 minutes.
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Typical changes in average a grain sizes measured in this work are shown in
Fig.3.43.
3.4.5.2 Changes of average a grain size after 17% rolling
Due to the relatively small rolling reduction, strain-induced y-> a
transformation did not occur in the C - M n and Ti-Nb steels, but it was observed to a
small extent in the Ti steel (see Fig.3.44). A s a consequence, and because of the
absence of recrystallization, a grain size did not change markedly with holding time
(Fig.3.43).
A comparison of a grain sizes of the three steels after 17% rolling and 1
rninute holding can be seen in Fig.3.44.
3.4.5.3 Changes of average a grain size after 28% rolling
As shown in Fig.3.43, the average a grain sizes in 28% rolled samples of the
three steels decreased after holding for 1 minute due to the formation of subgrains in
deformed a and new small a grains in deformed y. Grain size then increased due to
the growth of both recrystallized and newly formed a grains.
A comparison of a grain sizes of the three steels after 28% rolling and 1
minute holding can be seen in Fig.3.45.
3.4.5.4 Changes of average a grain size after 60% rolling
After rolling with 60% reduction, a subgrains in deformed a and new small a
grains formed in deformed y were observed immediately in quenched samples,
indicating that recovery processes in deformed a, and strain induced 7 -> a
transformation occurred during rolling and/or before quenching. Therefore, from the
beginning of isothermal holding, growth of a grains occurred as shown in Fig.3.43.
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Fig. 3.44

Optical micrographs showing changes of a

grain structures after rolling 1 7 % at 730°C and the
subsequent treatment as follows. 120x.
(a)C-Mn, (b)016TI, (c) Ti-Nb: W.Q;
(d)C-Mn, (e)016Ti, (f) Ti-Nb: held 1 min. at 730°C.
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Fig. 3.45

Optical micrographs showing changes of a

grain structures after rolling 2 8 % at 730°C and the
subsequent treatment as follows. 120x.
(a)C-Mn, (b)016Ti, (c) Ti-Nb: W.Q;
(d)C-Mn, (e)016Ti, (f) Ti-Nb: held 1 min. at 730°C.
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The increase of a grain size in the Ti-Nb and Ti steels was m u c h smaller than in the
C - M n steel.

A comparison of a grain sizes of the three steels after 60% rolling and 1
minute holding can be seen in Fig.3.46.

3.4.6 Effect of Deformation and Ti, Ti-Nb Additions on Restoration
of D e f o r m e d a Grains

As stated previously, during holding at 730°C for 10 minutes before rolling,
about 30 volume percentage of austenite transformed into ferrite. The prior a grains
were deformed in the subsequent rolling process together with the 7 grains. A high
density of dislocations was produced in the deformed a grains. During and/or after
rolling, recovery and/or recrystallization of these deformed a grains occurred.

The restoration processes in deformed a grains involved the migration of
dislocations, formation of cell and / or a subgrains, and recrystallization. The cell
and / or a subgrains had a very small size in the range -1-3 u m , which is on an
electron microscopic scale. Therefore, the investigation of recovery processes of
deformed a grains was performed mainly by electron microscopic observation.

3.4.6.1 Recovery and recrystallization processes in deformed a
grains
The rolling and holding temperature (730°C) adopted in this work is in the
upper range of (7 + a ) two-phase region. Therefore, the rolling is a 'hotdeformation' of the prior a grains. Experimental results showed that during rolling
and the isothermal holding after rolling, dynamic and static recovery and static
recrystallization processes occurred in deformed a grains.
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Fig. 3.46

Optical micrographs showing changes of a

grain structures after rolling 6 0 % at 730°C and the
subsequent treatment as follows. 120x.
(a)C-Mn, (b)016Ti, (c) Ti-Nb: W.Q;
(d)C-Mn, (e)016Ti, (f) Ti-Nb: held 1 min. at 730° C.
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Figure 3.47 illustrates restoration processes in deformed a including recovery
(Fig.3.47 a,b,c), and recrystallization (Fig.3.47 d,e,f). In as-deformed a grains, a
high density of dislocations was produced because of the rolling strain .

During rolling or the subsequent isothermal holding, the strain-induced
dislocations migrated and formed 'cell structure'. In these cells, dislocation density
was still high, and the cell walls were thick and not very clear (Fig.3.47a). The
dislocations subsequently m o v e d from the cell interiors to the cell walls and
organized into networks (Fig.3.47b). Dislocation density within the cells was further
lowered, dislocations in the cell walls interacted, annihilated or re-arranged into
arrays or networks which acted as the subgrain boundaries. In this w a y the 'cell
structures' changed into a subgrains (Fig.3.47c).

Subsequent recystallization resulted in the replacement of these a subgrains by
equiaxed recrystallized a grains containing a low dislocation density (Fig.3.47d). In
this way, the deformed a structure changed into a mixed a grain structure consisting
of a subgrains and recrystallized (equiaxed) a grains, a 'partially-recrystallized'
structure (Fig.3.47e).
Finally, for a sufficiently long isothermal holding time, all of the a subgrains
were replaced by equiaxed recrystallized a grains (Fig.3.47f).
3.4.6.2 Factors affecting recovery of deformed a
Both dynamic and static recovery of deformed a took place, with the degree of
recovery depending on rolling reduction, the presence of Ti or Ti-Nb additions, and
the isothermal holding time after rolling.

Figure 3.48 shows that after rolling with a constant reduction, the dislocation
density in deformed a grains w a s higher in the 016Ti and Ti-Nb steel samples than
in the C - M n steel samples.
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Fig. 3.47 T E M and S E M micrographs showing the
recovery and recrystallization structures in deformed
a grains in the three steels.
(a) T E M : high density of dislocations in 016Ti steel.
13Kx.
(b) TEM: cell structure in Ti-Nb steel. 13Kx.
(c) TEM: a subgrains in C-Mn steel. 13Kx.
(d) SEM: a subgrains and a few small recrystallized a
grains in C-Mn steel. 1Kx.
(e) SEM: partially-recrystallized
a structure in Ti-Nb
steel 1Kx.
(f) S E M : fully-recrystallized
a structure in C-Mn
steel. 1Kx.
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Fig. 3.48

TEM

micrographs

showing

higher

dislocation densities in deformed a grains of Ti-Nb and
016Ti steels than in the C-Mn steel, after rolling with
the same reduction (28%).
(a)C-Mn

(b)016Ti

(c)Ti-Nb
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Figure 3.49 shows microstructures of deformed a grains in immediately
quenched samples. After rolling with 1 7 % reduction, as-deformed a grains in the CM n steel contained cell structure and some a subgrains (Fig.3.49a); but in the 016Ti
steel, cell and/or subgrain structures were not well developed (Fig.3.49c). After
rolling with 4 0 % reduction, cell and/or subgrain structures were evident in both the
C - M n and 016Ti steels (Fig.3.49b and Fig.3.49d).
These comparisons indicate that recovery of deformed a in the 016Ti steel was
more sluggish than in the C - M n steel. The effect of Ti-Nb additions on retarding a
recovery was similar to, but stronger than, that for a single Ti addition. The effect of
Ti and Ti-Nb on retarding oc recovery is probably due to the effect of solute Ti and
N b atoms, and TiN and NbTi(CN) particles on pinning dislocation substructures.
The experimental results showed that high rolling reductions accelerated
recovery in deformed a. For each steel, the a substructures in the as-deformed (ie
immediately quenched) samples were mainly determined by the rolling reduction:
(i) low rolling reductions (<20%) produced dislocations and/or cell structures;
(ii) medium rolling reductions (20-35%) produced tangled dislocations, cell
structures and/or a subgrains; and
(iii) high rolling reductions (>35%) produced cell structures and/or a subgrains.
The main effects of Ti and Ti-Nb additions were to increase the density of
dislocations in as-deformed a grains, to reduce the rate of recovery in deformed a
by pinning of dislocations, and to produce finer a subgrains.
3.4.6.3 Factors affecting recrystallization of deformed a grains
It was found that dynamic recrystallization of deformed a did not occur during
rolling at 730°C. Only static recrystallization occurred in deformed a grains during
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Fig. 3.49

SEM

micrographs showing

microstructures

of deformed a grains in samples rolled and immediately
quenched. 1Kx.
(a) C-Mn, 1 7 % rolled, W.Q. (b) C-Mn,

4 0 % rolled, W.Q.

(c) 0 1 6 T i , 1 7 % rolled, W.Q. (d) 016Ti, 4 0 % rolled, W.Q.
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isothermal holding after rolling. The static recrystallization of deformed a grains was
also influenced by rolling reduction and the addition of Ti or Ti and Nb.
The main effects of rolling reduction were as follows. In 8% rolled samples,
static recrystallization of deformed a grains did not occur, and the restoration of
deformed a w a s governed by static recovery. In 1 7 % rolled samples, static
recrystallization of deformed a occurred in the C - M n steel, but not in the 016Ti and
Ti-Nb steels. For reductions higher than 2 0 % , static recrystallization of deformed a
occurred in all three steels, and the incubation time for recrystallization was
shortened by an increase in rolling reduction.
The main effects of Ti and Ti-Nb additions were:
(i) to retard the incubation time for recrystallization of deformed a by about 1-2
orders of magnitude compared with the C - M n steel;
(ii) to retard the progress of recrystallization, resulting in a higher volume fraction
of recovered a than in the C - M n steel after holding for same time; and

(iii) to restrict the growth of recrystallized a grains, resulting in finer a grain size
than in the C - M n steel for the same rolling and holding conditions.
Figure 3.50 illustrates the recrystallization of deformed a grains in 60% rolled
samples of the three steels.
Subgrains were formed in as-deformed a grains with an average size of -1.2
U m , 1.0 u m , and 1.1 u m for C - M n , 016Ti and Ti-Nb steels respectively in samples
immediately quenched after rolling (Fig.3.50 a,b,c). This indicates that dynamic
recovery of deformed a occurred during rolling in the three steels for 6 0 % rolling
reduction, and Ti, Ti-Nb additions mayrefine the a subgrains .
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Fig. 3.50
of defomed

SEM
a

micrographs showing
after 6 0 %

rolling and

recrystallization
the following

treatment. 1Kx.
(a) C-Mn (b)016Ti (c) Ti-Nb: W.Q
(d) C-Mn (e)016Ti (f) Ti-Nb: held 1 min. at 730°C
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Fig. 3.50 (continued)
recrystallization
the following

SEM

of defomed

micrographs

showing

a after 6 0 % rolling and

treatment. 1Kx.

(g) C-Mn (h)016Ti (i) Ti-Nb: held 10 min. at 730°C
(j) C-Mn (k)016TI. (I) Ti-Nb: held 30 min. at 730°C
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After holding for 1 minute, the volume fraction of recrystallized a grains in the
C - M n steel w a s about 0.5, but in the 016Ti and Ti-Nb steels, the volume fractions of
recrystallized a grains were smaller than 0.1, implying that the incubation time for a
recrystallization in the microalloyed steels w a s m u c h longer than in the C - M n steel
(Fig.3.50 d,e,f).
After holding for 10 minutes, the volume fractions of recrystallized a grains
were about 0.8 for the C - M n steel, and -0.4 for the 016Ti and Ti-Nb steels
(Fig.3.50 g,h,i).
After holding for 30 minutes, deformed a in the C - M n steel was nearly fullyrecrystallized, but in the 016Ti and Ti-Nb steels, deformed a w a s still partiallyrecrystallized (Fig.3.50 j,k,l).
These observations indicate that the recrystallization of deformed a proceeds
quite rapidly in the C - M n steel, but is sluggish in the 016Ti and Ti-Nb steels.
Recrystallization kinetics in deformed a after rolling with different reductions
are shown in Fig.3.51. It is clear that Ti and Ti-Nb additions not only increase the
incubationtime,but also decrease the recrystallization rate. In each case, the effect of
Ti-Nb additions on retarding a recrystallization w a s stronger than a single Ti
addition.
The experimental results presented above can be summarized as follows.
(1) Rolling at 730°C is a 'hot deformation' process to prior a grains.

(2) Dynamic and static recovery and/or static recrystallization processes occur in
deformed a grains during and/or after rolling.

(3) Dynamic recrystallization of deformed a does not occur after rolling in the (7 +
a) two-phase region.
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(4) The dominant restoration process(es) in deformed a grains in samples rolled
with small reductions (<15%) is static recovery; and for reductions (>20%),
dynamic and static recovery, and static recrystallization occur.
(5) High rolling reductions accelerate the recovery process, shorten the incubation
time for recrystallization, and refine a subgrains and recrystallized a grains.
(6) Ti and Ti-Nb additions can:
(a) increase the density of strain-induced dislocations in as- deformed a;
(b) retard the recovery process in deformed a;
(c) increase the incubation time for the recrystallization of deformed a by about
1-2 orders of magnitude compared with the C - M n steel;
(d) decrease the recrystallization rate of deformed a; and
(e) retard the growth of recrystallized a grains.
All of these effects result in higher volume fractions of remanent strain-induced
a substructures such as dislocations, cell structures, and a subgrains in the
016Ti and Ti-Nb steels than in the C - M n steel after rolling with same reductions
and holding for same times.
(7) The effect of Ti and N b additions on retarding restoration of deformed a is
stronger than a single Ti addition.
3.4.6.4 Detection of a subgrains
A spot transmission electron diffraction pattern method was used in this work
to distinguish a subgrains from a grains, as shown in Fig.3.52.
Usually grain boundaries display a 'high-angle boundary', such that the
orientations of adjacent grains are distinctly different, resulting in the markedly
different diffraction patterns.
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Fig. 3.52

Electron diffraction patterns of a grain a n d

subgrains.
(a) a single a

grain. 1 3 K x .

(b) diffraction pattern of single a
(c) indexed

diffraction

(d) several adjacent a

grain in (a).

pattern (b).
subgrains. 1 3 K x .

(e) diffraction patterns of adjacent a subgrains in (d).
(f) indexed
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pattern (e).
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Subgrains have 'low-angle boundaries', which means that the difference
between crystal orientations of adjacent subgrains is typically less than -3-10°.
Therefore, the diffraction patterns of adjacent subgrains are similar.
Figure 3.52b shows the electron diffraction pattern from the a grain in
Fig.3.52a, and Fig.3.52e shows the electron diffraction pattern from several
adjacent a subgrains in Fig.3.52d. It can be seen in Fig.3.52e that each diffraction
pattern spot contains several small spots, and each small spot is from one subgrain.
3.4.7 Deformation of Austenite Grains
3.4.7.1 Rolling in (7+a) two-phase region

The rate of recrystallization increased with amount of deformation. The highest
rolling reduction adopted in this work was 6 0 % , so if recrystallization of deformed 7
occurred, then it would proceed at the highest rate in 6 0 % rolled samples.
Figure 3.53 shows the microstructures of samples 60% rolled and water
quenched immediately (Fig.3.53 a,c,e), or held for 30 minutes (Fig.3.53b,d,f). The
samples were etched in a saturated aqueous picric acid solution to reveal the 7 grain
boundaries.
Because the prior a grains formed at 7 grain boundaries before rolling, and
strain induced a grains formed at 7 grain boundaries and interiors during or after
rolling, most of the 7 grain boundaries cannot be seen in Fig.3.53.

However, the volume fraction of prior a grains was about 30%, and after
rolling these a grains (white) became elongated and very thin, so the deformed 7
grain boundaries can be traced out along these elongated a grain boundaries.
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Fig. 3.53
transformed

Optical

micrographs

showing

( y + a) structures in samples rolled 6 0 %

at 730°C. Etched in picric acid solution. 120x.
(a) C-Mn:

the

W.Q,

(b) C-Mn:

held 30 min.,

(c)016Ti: W.Q,

(d)016Ti: held 30 min.,

(e) Ti-Nb: W.Q,

(f) Ti-Nb: held 30 min.
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A s can be seen in Fig.3.53 a,c,e, in immediately quenched samples, 7 grains
were elongated in the rolling direction, indicating that the dynamic recrystallization of
deformed 7 did not occur before quenching.
In the samples held for 30 minutes after rolling (Fig.3.53 b,d,f), many more a
grains (white) formed at 7 grain boundaries and interiors, but it is clear that all of the
7 grains remained "pancaked", indicating that the static recrystallization of deformed
7 did not occur after rolling.
All of these results imply that the rolling and holding temperature (730°C)
adopted in this work is below the critical temperature for recrystallization of
deformed 7 (T c ), for all of the steels examined.
3.4.7.2 Restoration of 7 deformed by rolling in the ( 7 + a ) twophase region
Transformation of retained 7 to martensite on quenching made it difficult to
detect subgrains which would indicate the operation of dynamic recovery of
deformed 7 during rolling at 730°C.
However, in view of the low stacking fault energy of 7 and the relatively low
rolling temperature, it is assumed that restoration of deformed 7 in the (7 + a) twophase region proceeded by static recovery.
3.4.7.3 Static recovery of 7 after rolling in the (7+ a) two-phase
region
In addition to normal static recovery, observations indicated that recovery of
deformed 7 also proceeded by the 7 -> a transformation.
As shown in Fig.3.46, during rolling with 60% reduction, strain induced a
grains formed at deformed 7 grain boundaries as well as interiors, usually in the
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highly-strained regions near the boundaries of deformation bands and twins, or even
at dislocations. In samples rolled with low and medium reductions (-15-40%),
strain-induced 7 -> a transformation occurred during isothermal holding after
rolling.
The formation of these new a grains can release the strain-induced stored
energy in these regions in deformed 7. In other words, recovery of deformed 7 in
these regions was effected by the 7 -> a transformation.
In samples rolled with very small reductions (<15%), only a few a grains
formed by 7 -> a transformation. In most of the deformed 7 grains, the stored strain
energy was too low to activate the 7 -> a transformation. Thus in these samples,
static recovery of deformed 7 proceeded, only in the normal way, i.e through the
migration and interaction of dislocations.
3.4.7.4

Restoration of deformed 7 by 7-> a transformation

TEM photographs in Fig.3.54 show the features of new a grains formed in
deformed 7 by 7 -> a transformation. Figure 3.54a shows an a island formed on
the 7 matrix, which consists of several a grains, and Fig.3.54b shows many new a
grains formed in a small region, probably along the boundaries of a deformation
band. O n an optical microscope scale, similar clusters of small a grains are shown in
Fig.3.36b, d.
Comparing n e w a grains in Fig.3.54 with deformed a grains in Fig.3.47a and
Fig.3.48, it is clear that, the n e w a grains contain lower dislocation densities.
Although the dislocation density in deformed 7 cannot be assessed, because of
transformation into martensite during water quenching after rolling and holding, it is
reasonable to assume that, after rolling with reductions higher than the 1 5 % required
for 7 -> a transformation, the deformed 7 should contain high densities of
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Fig. 3.54

TEM

micrographs

showing

new

a grains

transformed from deformed 7.
(a) new a grains in sample of 016Ti steel, 2 8 % rolled
and held 1 min. at 730<>C. 10Kx.
(b) new a grains in sample of Ti-Nb steel, 6 0 % rolled
and held 1 min. at 730°C. 4Kx.
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dislocations, especially in areas near deformation bands and twins. But the n e w a
grains formed in these areas of deformed 7 contained low dislocation densities,
suggesting that the formation of n e w a grains in deformed 7 can substantially
decrease the high density of dislocations introduced by rolling.
It can be deduced that during formation of the new a grains, dislocations
originally existing in yin these regions migrated and rearranged into the boundaries
of new a grains, or annihilated by interaction between dislocations of opposite kind.
As a result, the high densitiies of dislocation existing in these areas of deformed 7
were wiped out by the motion of the new a grain boundaries.
Some new a grains also contained relatively high dislocation densities
(Fig.3.54b), and these n e w a grains probably formed in deformed 7 during rolling,
and then underwent deformation, resulting in an increase in dislocation density.
3.4.8 Effect of Deformation and Ti and Ti-Nb Additions on the
Hardness of Deformed a
The hardening of deformed a results mainly from strain-induced substructures
such as dislocation densities, cell structure and a subgrains. The hardness of
deformed a decreases with the progress of recovery and recrystallization during
holding after rolling.
In the present investigation, micro-hardness testing was performed to examine
the changes of hardness in deformed a, and on the basis of these changes, to deduce
the progress of restoration during holding after rolling.
The hardnesses (HV) of undeformed a in the three steels were measured to be
153, 170, 166 for the C - M n , 016Ti and Ti-Nb steels, respectively. The higher
hardness of a in the Ti and Ti-Nb steels is probably due to the finer average a grain
size in the 016Ti (18 u m ) and Ti-Nb (20 u m ) steels, than in the C - M n steel (27 u m ) .
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The changes of hardness of deformed a in the three steels during isothermal
holding after rolling with different reductions are shown in Fig.3.55. Comparing the
initial hardness of a in Fig.3.55 a-e, it is clear that the hardness of as-deformed a
grains (ie. quenched within -3 seconds after rolling) increased with rolling reduction
because the density of strain-induced substructures increased with rolling reduction
for all three steels.
After very low reduction (8%), the hardness of a in all three steels decreased
slightly with holding time, indicating that in this case only recovery occurred.
After 17% reduction, the hardnesses of a in the microalloyed steels decreased
slightly with isothermal holding, because recovery was the main process which
occurred in the two steels, and generally, recovery causes only a small decrease in
hardness. In the C - M n steel however, partial recrystallization of deformed a
occurred resulting in a more significant fall in hardness.
In 40% rolled samples, the hardness of deformed a decreased slightly for
holding up to about 1 minute, corresponding to the incubation time for oc
recrystallization, and after 1 minute, it decreased m o r e steeply due to the
recrystallization of a in the three steels. Recrystallization occurred more rapidly in
the C - M n steel. The changes of hardness in the Ti-Nb and Ti steels were less marked
than in the C - M n steel, due to the retarding effect of Ti and Ti-Nb additions on a
restoration processes.
In 60% rolled samples, the hardness of deformed a decreased slightly in about
1 minute corresponding to the incubation time for a recrystallization, and after 1
minute holding, it decreased more rapidly due to the recrystallization of a in the three
steels. However, the changes in hardness in the 016Ti and Ti-Nb steels were more
sluggish than in the C - M n steel, due to the retarding effect of Ti and Ti-Nb additions
on the a recrystallization process.
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The changes of hardness after 2 8 % rolling were between the 1 7 % and 4 0 %
rolling conditions mentioned above. The slopes of the hardness-holding time curves
for the 016 Ti and Ti-Nb steels were smaller than those of the C - M n steel due to the
retardation of restoration in these two steels.

3.4.9 Effect of TiN, NbTi(CN) Particles on Restoration Processes
in Deformed 7 and a

3.4.9.1 Electron micrscopy

The carbon extraction replica technique was found to be suitable for
investigating particle size distribution. Firstly, different types of particles including
large (>1000A) and small (<30A) can be extracted by electropolishing and carbon
replication. Secondly, due to the very high transparency of carbon replicas, even
very small particles (<30A) can be observed clearly in the transmisstion electron
microscope (Fig.3.11). However, this technique cannot be used for investigating the
interaction between particles and microstructures.

Compared with carbon replicas, the transparency of a thin foil is much lower.
W h e n the microstructures are pearlite or martensite, transparency can be very low.
Therefore, the thin foil technique is not suitable for investigating the particle size
distribution, because very fine (<~50A) particles cannot be seen clearly. It is useful,
however, for the investigation the interaction between particles and microstructures.

Figure 3.56a shows TiN particles pinning dislocations and therefore stabilizing
the a subgrain boundaries. Figure 3.56b shows cuboidal TiN particles in the ferrite.

3.4.9.2 Effects of Ti and Ti-Nb additions on 7-> a transformation
and restoration behaviour of 7 and a
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Fig. 3.56

TEM

photographs showing coarse and fine

TiN particles (arrowed) in recovered a subgrains (a),
35Kx; and TiN cuboids in ferrite in the 016Ti steel (b),
30Kx.
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O n the basis of the experimental results presented in Sections 3.4.1-3.4.8, the
effects of Ti and Ti-Nb additions on 7 -> a transformation and restoration behaviour
of 7 and a after rolling in the (7 + a ) two-phase region, can be summarized as
follows.
(1) During reheating to 1260°C, TiN and TiNbN particles pin the 7 grain
boundaries, resulting in finer initial 7 grains in the 016Ti and Ti-Nb steels
compared with the C - M n steel before rolling.

(2) During holding at 730°C before rolling, undissolved and re-precipitated TiN
and N b T i ( C N ) particles pin the a grain boundaries. This effect, as well as the
contribution of finer initial 7 grains, results in formation of finer initial a grains
in 016Ti and Ti-Nb steels before rolling.

(3) The precipitate particles and solute Nb and Ti atoms increase the density of
strain-induced substructures such as dislocations, deformation bands and
deformed twins in deformed 7, and stabilize these substructures during and after
rolling, resulting in acceleration of 7 -> a transformation, mainly by increasing
a nucleation rate.

(4) The microalloys suppress a grain boundary migration and thereby refine the a
grains transformed from deformed 7.

(5) TiN, NbTi(CN) particles and solute Nb,Ti atoms pin dislocation tangles and
networks thereby retarding the recovery process in both deformed 7 and a
grains.
(6) TiN, NbTi(CN) particles suppress the migration of a grain and subgrain
boundaries, thereby retarding the recrystallization process in deformed a grains,
and refining the recrystallized a grains.
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Chapter 4
DISCUSSION

158

4.1

PRECIPITATES

AND

THE

GRAIN

COARSENING

TEMPERATURE
4.1.1 Precipitates in the C-Mn and 025Nb Steels
The relatively low grain coarsening temperatures for the C-Mn and the 025Nb
steels (both ~1050°C) are a result of the following factors.
In the C-Mn steel slab there are some grain boundary pinning A1N particles
present, which are produced during continuous casting. However, the effectiveness
of A 1 N particles on grain boundary pinning is slight, because it has a relatively low
solution temperature in 7 (Fig. 1.3). The low G C T of the C - M n steel slab is therefore
due to the low stability of A 1 N and the coarsening and dissolution of grain
boundary-pinning particles on reheating to relatively low temperature.
For the 025Nb steel, which has a GCT only slightly higher than that for the CM n steel, it is recognized that niobium carbonitride particles are carbon-rich and
indeed close to carbides alone (178). These niobium carbides can inhibit the
migration of austenite grain boundaries during reheating (179). However, the
solution temperature of niobium carbonitride in the 025Nb steel slab is in the range
of 1050-1100°C (Fig.1.3, ref.180), so it is reasonable to explain the low G C T of
the 025Nb steel (1030-1050°C) on the basis that in this temperature range, fine
N b ( C N ) particles dissolve in solution, and thus the effectiveness on grain boundary
pinning substantially diminishes, and abnormal grain growth occurs.
4.1.2 Ti-rich Precipitates in the 016Ti Steel
The 016Ti steel contained low Ti and had a low Ti: N ratio of 2.66 which is
less than the stoichiometric ratio (3.42). So during solidification of the slab, TiN
forms, and all of the titanium is combined as TiN. These TiN cuboids have a f.c.c
crystal structure with an = 4.36A, and more than half of the TiN particles have sizes
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in the range 20A-100A. The theoretical weight fraction of T i N in the 016Ti steel is
about 2.5X10"4, and the corresponding volume fraction is -3.2x10^ using densities
of 7.865 g/c.c and 5.22 g/c.c for ferrite and TiN, respectively.

These very fine and stable TiN particles exert a strong pinning effect on
austenite grain boundaries and result in the highest grain coarsening temperature
(1200°C) of all of thefivesteels investigated in this work.
After reheating to 1260°C for 30 minutes, most of the very fine (20A-100A)
TiN particles dissolved in 7, but some coarse (>150A) TiN particles remained.
Because TiN is stable at high temperature in 7, it is reasonable to conclude that
when the rolling and holding temperature is lower than ~1200°C, TiN particles are
relatively stable, as their solubility in both 7 and a is low (Fig. 1.3).

Therefore, the nature of the precipitates and their effect on grain coarsening in
the 016Ti steel can be summarized as follows.

(1) In the steel slab, Ti exists as TiN cuboids formed during solidification, with
more than 5 0 % being fine (20-100A), and 2 0 % being between 250-750A in
size.

(2) During reheating to 1260°C for 30 minutes, most of fine TiN particles dissolve
in 7, but the coarse (>150A) T i N particles remain undissolved.

(3) During cooling to or holding at temperatures lower than ~1200°C, fine TiN
particles can re-precipitate from 7. The amount of solute Ti in 7 decreases with
decrease of holding temperature, so that the amount of solute Ti remaining in
both 7 and a is negligibly low. Therefore, the effect exerted by Ti addition is
mainly from undissolved and re-precipitated TiN particles.
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(4) Because of the very low solute Ti content in 7 and a, the amount of straininduced TiN precipitates in the 016Ti steel during and after rolling is also very
limited, and can be ignored.
4.1.3 Ti-Nb Carbonitride Precipitates in the Ti-Nb Steel
The Ti-Nb steel had a Ti: N ratio of 2.10, less than the stochiometric ratio
(3.42). The precipitates occurring in the cast slab and the reheated samples were as
follows.
In the Ti-Nb steel slab, a major precipitate type was large dispersed TiNb(CN)
dendritic particles having a cube-shaped Ti-rich core measuring -20-300A, and Nbrich dendritic arms. The dendritic arms dissolved rapidly on reheating leaving
T i N b N cuboids. The number frequency of these dendrites was about 1 0 % . In
addition, there were many veryfineT i N b N cuboids and NbTi(CN) spheroids with a
total number frequency of about 9 0 % . A n independent investigation carried out at
B H P Steel, S P P D led to a similar conclusion about the nature of the precipitates in
this steel (181).
Assuming combination of all available Ti and Nb with nitrogen and carbon, the
weight and volume fractions of NbTi(CN) particles in Ti-Nb steel are about 6.6X10"4
and 7.4xl0~4> respectively, both values being higher than those for TiN in 016Ti
steel slab.
The stability of NbTi(CN) in 7 is m u c h lower than TiN, resulting in the lower
austenite grain coarsening temperature in the Ti-Nb steel slab (-1120°C) than the
016Ti steel slab (~1200°C).
In Fig. 1.3 there is no solubility curve for NbTi(CN), but it can reasonably be
assumed that it should lie between the curves for N b N and TiN, and close to N b N
(73).
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B y combining the experimental results and the solubility curves shown in
Fig.1.3, the following precipitation and solution processes can be deduced to occur
during solidification and reheating in the 019Ti-024Nb steel slab.
During solidification of the Ti-Nb steel slab, TiN cuboids containing some
niobium are formed in the high temperature range of 7 (TiNbN cuboids).
In the lower temperature range of 7, NbCN precipitates containing some
titanium are formed, which can be referred to NbTi(CN). These NbTi(CN) particles
preferentially nucleate on existing T i N b N cuboids and grow onto them. A s the
temperature is still high, the NbTi(CN) grow preferentially on the T i N b N cuboid
core at some special crystal orientations, probably the <111> directions, and develop
into the shape of dendrites or stars.
When the temperature further decreases, NbTi(CN) particles nucleate more
homogeneously, and because of the low temperature, they grow into spheroids
rather than dendrites.
During reheating, precipitates in the 019Ti-024Nb steel slab dissolve in the
reverse sequence to that described above. The small NbTi(CN) spheroids dissolve
first, and then the arms and coatings of NbTi(CN) dendrites dissolve leaving T i N b N
cuboids,finallymost of the T i N b N cuboids also dissolve in 7, only leaving a few
coarse T i N b N cuboids.
The precipitates formed in reheated samples during cooling are TiNbN cuboids
and then NbTi(CN) spheroids. Dendrites are absent in this case, possibly due to the
lower temperatures and higher cooling rate than those during solidification of
continuously cast slab.
On the basis of above analysis, the following points can be made in respect to
the thermomechanical treatments carried out for the 019Ti-024Nb steel.

163

(1) The precipitates in the Ti-Nb steel slab are NbTi(CN) dendrites with T i N b N
cubic cores, and NbTi(CN) spheroids.
(2) NbTi(CN) is less stable than TiN, resulting in a lower austenite grain
coarsening temperature for the Ti-Nb steel slab than for the 016Ti steel slab.
(3) During reheating to 1260°C for 30 minutes, almost all of the NbTi(CN)
particles dissolve in 7. Only a few very coarse T i N b N cuboids remain
undissolved.
(4) During cooling to and holding at temperatures < 1000°C, many fine TiNb(CN)
cuboids and N b T i ( C N ) spheroids reprecipitate from 7 (and a ) , but small
amounts of solute Ti, N b atoms remain in solution.
(5) During and after rolling at 730°C and higher temperatures (< 1000°C), straininduced NbTi(CN) precipitation can occur in the Ti-Nb steel.
(6) During holding after rolling, a very small amount of solute Nb and Ti remains
in 7 (and a).
These precipitation processes in the 016Ti and Ti-Nb steels can influence the 7
-> a transformation and the recovery and recrystallization behaviour of deformed 7
and a during and after rolling of these two steels.

4.2 GRAIN COARSENING OF CONCAST SLAB SAMPLES
Results for GCTn.shr measurements and precipitate characteristics are
summarised in Table 6 which has been derived from data presented in Section 3.2.
The GCTo.5hr of cast slab samples was highest for the 016Ti steel and this result is
consistent with the Ti:N ratio being near to the stoichiometric ratio of 3.4:1 (Table
1). All of the available Ti will combine with N to form fine TiN particles (145),
resulting in the strongest pinning effect and highest G C T . Thus, the presence of a
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significant volume fraction offineparticles (56%<100A) is likely to be responsible
for the high GCTo.Shr (1200°C) of the 016Ti steel slab. It has been proposed that
fine particles precipitate from the upper austenite range to about 1100°C during
continuous casting (150).
Table 6 G C T and Precipitate Characteristics

016Ti

Sample

Mean

%<100A

size A

Ti-Nb

GCT,0C
(0.5hr)

Mean

1200

%<100A

GCT,<>C
(0.5hr)

135

50

1120

252

8

size A

Cast Slab

126

56

ST,WQ

358

0

ST, AC

215

12

1010

175

26

1050

HR

190

12

1020

164

28

1000

A m o n g the Ti-bearing steels investigated, the lowest GCTn.shr (1100°C) was
associated with the 076 Ti steel with Ti: N=10.1. In this case the Ti level is well in
excess of the stoichiometric value and TiN particles form from the melt at higher
temperatures, resulting in a coarser size distribution (145,150). Although excess Ti
results in formation offineTiC particles at temperatures <1100°C, this species is
less stable on heating than TiN and the G C T is limited.
Comparing the high Ti and low Ti steels, the N contents are similar and this N
level sets the approximate volume fraction of TiN which can form (approximately
3.2X10-4). However, the coarse TiN particles present in the 076 Ti steel substantially
reduce the volume fraction of smaller particles: a cuboid 5000A in edge length is
equivalent to 10 6 particles of 50A edge length.
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Table 6 shows that the 016Ti and Ti-Nb steels had similar m e a n particle sizes
in the cast condition, but the GCTo.Shr of the Ti-Nb steel was 80°C lower than the
016Ti steel. It is therefore appropriate to consider the effect of both Ti and Nb.
Niobium-bearing dendrites were common in cast slab samples of the 019Ti024Nb steel. The dendrites frequently originated from a Ti-rich cuboidal core and it
seems likely that the growth of the dendritic arms on the Ti-rich substrate is epitaxial
in nature. The large cuboids and the dendritic particles in the cast Ti-Nb steel were
found to be rich in both Ti and N b (see Fig.3.15), consistent with a report that they
are nitrides of the form T i N b N (145). The distribution of the dendritic nitrides will
influence the subsequent distribution of core nitride particles which contribute to
grain size control during thermomechanical processing. Very fine precipitates were
also found in the cast slab samples (Fig.3.14). These particles contained both Ti and
N b and although some were cuboids (50A-100A), most were spheroidal in shape
(50A-200A). Analysis of the particles present in the cast condition is therefore
consistent with the conclusion that T i N b N and NbTi(CN) are the dominant species
and, since the particle size distribution is closely similar to that of the 016Ti steel
(compare Fig.3.12 and 3.16), it is inferred that the G C T is decreased because N b
decreases the stability of the particles during re-heating.
Closer analysis of the kinetics of coarsening sheds some light on this problem.
The work mentioned above (Fig.3.4 and Fig.3.8) indicated that coarsening is a
function of time and temperature, and therefore the kinetics of grain coarsening can
be described in terms of the Arrhenius equation and an estimate derived for the
apparent activation energy for the coarsening process. This activation energy will be
related physically to the diffusion controlled processes of particle dissolution and
coarsening which lead to selective unpinning of the austenite grain boundaries.
Defining t as the time to initiate coarsening,
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t oc e Q / R T

[20]

and Ln t ~ Q/RT [21]
where: Q = activation energy for grain coarsening
R = Gas constant
T = reheating temperature (K).
A plot of Ln t versus 1/RT is given in Fig.4.2 on the basis of coarsening
temperatures for the 016Ti and 019Ti-024Nb steels (Fig.3.4 and Fig.3.8).
For each case the slopes were used to estimate the activation energies. The
apparent activation energies for the process which leads to coarsening in the 016Ti
and the Ti-Nb steels are -340 K J / mole and -270KJ / mole, respectively. The lower
value for the Ti-Nb steel offers support for the proposal that N b decreases the
stability of the Ti-rich particles and thus the pinning effectiveness of these particles.

4.3 GRAIN COARSENING BEHAVIOUR AFTER SOLUTION
TREATMENT AND HOT ROLLING
Solution treatment and hot rolling substantially decreased the GCT for both the
016Ti and the Ti-Nb steels (Fig.3.10 and Table 6). This decrease is probably due to
the solution of fine particles, reduction of particle volume fraction and also to a
slightlyfinerstarting austenite grain size following an additional cycle through the
polymorphic transformation. The particle size distributions given in Figs.3.18 and
3.19 show the substantial loss offineparticles resulting from the additional reheating
process.
After solution treatment at 1250°C and quenching, the dominant particles were
coarse nitride cuboids in both the Ti and Ti-Nb steels, indicating that the stable
precipitates are TiN and TiNbN. Neither of these coarse precipitate species play any
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significant role in austenite grain refinement, and the G C T is expected to be lowered
for both steels because of the almost complete loss of particles less than 100A in
size.
However, for air cooling following solution treatment, fine TiN and
NbTi(CN) particles re-precipitated from austenite. Despite the presence of these fine
particles, the volume fractions are evidently too low for them to impede grain growth
as effectively as in the cast alloys.
Table 6 indicates that for the 016Ti steel the % of particles <100A decreased
from 5 6 % in the cast condition to 1 2 % after solution treatment and air cooling. The
corresponding figures for the Ti-Nb steel are 5 0 % and 2 6 % . The higher volume
fraction offineparticles, predominantly NbTi(CN) spheroids in the Ti-Nb steel after
solution treatment and air cooling (Fig.3.10), probably accounts for the observation
that the G C T of the Ti-Nb steel was higher than that of the 016Ti steel (1050°C vs
1010°C).
Although the spheroidal particles of NbTi(CN) in the Ti-Nb steel would be
expected to be intrinsically less stable and therefore less effective than TiN in grain
pinning, the higher volume fraction of NbTi(CN) precipitates evidently overides this
effect
Water quenching instead of air cooling after solution treatment produced no
particles less than 100A in the 016Ti steel and only 8 % in the Ti-Nb steel, indicating
that the fine particles readily dissolve on reheating to 1250°C for 1 hour.
Following hot rolling, the change in the particle size distribution in the Ti-Nb
steel was not as marked as for the 016Ti steel, since the higher level of carbonitride
forming elements allowed a greater amount of re-precipitation during cooling.
Another characteristic change after hot rolling was that the dendritic T i N b N particles
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present in the slab were absent due to the solution of the Nb-rich dendritic arms at
the soaking temperature range (1220-1260°C).
Table 6 illustrates that for both steels a close similarity exists between the
G C T s and particle characteristics in the solution treated-air cooled condition and the
hot rolled condition. Thus, treatment for 1 hour at 1250°C followed by air cooling
simulates, in terms of precipitate dispersion and grain coarsening behaviour, the
effect of the hot rolling schedule. For both steels, solution treatment and hot rolling
also resulted in a significant increase in mean particle size (Table 6).
Apart from the loss of fine particles, a secondary factor in the reduction of
G C T is the finer starting austenite grain size, compared with cast samples, on
reheating following solution treatment and hot rolling. After solution treatment and
hot rolling, both the matrix grain size and the volume fraction of precipitate particles
were reduced, and according to the Gladman equation (143), smaller particles are
required for effective grain boundary pinning (see Section 1.6.1). Moreover, the
actual m e a n particle size increased on reheating allowing the austenite grain
boundaries to unpin at lower temperatures. The Gladman equation is
r* = [6R0f(3/2-2/Z)-1]/7c [22]

where: r* = the limiting mean particle size that will effectively counteract the drivin
force for grain growth,
R o = the matrix grain radius,
f = the volume fraction of particles in the microstructure,
Z = the ratio of the growing grain and the matrix grains (143).
Assuming particular values of Ro and f, r* decreases as Z increases, implying
that higher heterogeneity of grain size will m a k e unpinning easier.
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Although previous research (182-184) indicates that a Z value of 1.5 would be
reasonable for most polygonal structures, there w a s a marked grain size
heterogeneity between dendritic and interdendritic grains in the cast slabs
investigated in this work. In particular, in the cast 016Ti slab (Fig.3.3), values of Z
in range of 2 to 3 m a y be reasonable.
Using R = 19 u.m, the volume fraction of TiN (f) = 32xlOA, and Z = 2 to 3,
r* is in range of 240 A to 140A, suggesting that only those T i N particles with size <
-150 A can effectively pin the austenite grain boundaries in the cast 016Ti slab.
Assuming particular values of f and Z, r* decreases as R decreases, requiring
finer m e a n particle sizes to prevent grain growth. In the 016Ti steel, for example, the
starting austenite grain size after reheating of cast samples was 19 urn, whereas the
starting grain size after rolling w a s 14um, 2 6 % smaller (Fig.3.10a). O n reheating to
temperatures at which particle solution becomes significant, f decreases as the actual
mean particle radius r increases through particle coarsening. The decrease in f further
lowers r* , so that the grain growth condition, r > r*, is easily met.

4.4 THE EFFECT OF Ti LEVEL AND Ti : N RATIO ON GCT

When the Ti level is low and the Ti : N ratio is less than or equ
stoichiometric ratio, as in the case of 016Ti steel, the following effects occur:

(a) substantially all of the Ti combines with N to form TiN,

(b) most of the TiN particles are very fine (145),
(c) the distribution of TiN particles is not uniform, and the volume fraction in
interdendritic regions is m u c h higher than in dendritic regions.
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The present result for the G C T of the Ti steel are consistent with these effects:
(a) and (b) led to the higher G C T , and (c) led to the duplex grain structure and
heterogeneous grain growth during grain coarsening.,
When the Ti level is high and the Ti : N ratio is in excess of stoichiometric
ratio, as in case of 076Ti steel, the following effects occur:
(a) only a proportion of the Ti forms TiN, and the remainder exists as
Ti4C 2 S 2 and TiC,
(b) many TiN particles are coarse,
(c) TiN particles are distributed more uniformly than in the steels of low Ti
content.
In this work, (a) and (b) led to a lower grain coarsening temperature, and (c)
led to more uniform grain growth and grain size than in the low Ti steel.

4.5 EFFECT OF REHEATING TEMPERATURE AND HOLDING
TIME ON

GCT

As discussed previously, reheating to a higher temperature for a shorter time or
at a lower temperature for a longer time can exert a similar effect on grain coarsening
behaviour.
This can be explained according to the changes in the volume fraction and the
size distribution of the grain boundary pinning particles (TiN or NbTiNC).
Fine particles are metastable with respect to coarser particles which have a
lower surface area per unit volume. Therefore, finer carbonitride particles will
dessolve into solution and coarser particles will grow, which is called the Ostwald
ripening process.
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B y using either higher reheating temperature for shorter holding time or lower
temperature for longer time the Ostwald ripening process can occur. Consequently
the average particle radius r increases. The volume fraction of particles f will also
decrease as the temperature is raised. According to equation 22, the austenite grain
size R which the undissolved particles can pin will substantially increase, and thus
the rapid grain grows will occur.
In the present work, the main effect of reheating was the solution of fine alloy
carbonitride particles which caused both a decrease of volume fraction and increase
of mean particle size.

4.6 EFFECT OF Ti AND Nb ADDITIONS ON GCT
The 019Ti-024Nb steel contains approximately the same content of Ti as in
016Ti steel, but the G C T of the 019Ti-024Nb steel is m u c h lower than 016Ti steel.
This difference can be explained as follows. Abnormal grain growth at the G C T is
generally considered to be due to the solution of grain boundary pinning particles
during the reheating process, and the lower G C T of the 019Ti-024Nb steel than the
016Ti steel is therefore likely to be due to decreased stability of the grain boundary
pinning particles T i N b N and NbTi(CN) compared with TiN.

4.7

FACTORS INFLUENCING y RECRYSTALLIZATION AFTER

ROLLING IN THE STABLE y REGION
It is well k n o w n that recrystallization of a deformed alloy can be retarded by:
dissolved solute, strain induced precipitates, a coarse grain size prior to deformation,
absence of second phase particles capable of nucleating recrystallization, low
temperatures, and small deformations.
When several parameters are operative, the interactions between them and the
resulting microstructural features can be very complex. The following discussion
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illustrates the main effects on retarding 7 recrystallization exerted by Ti and Ti-Nb or
main parameters of processing in complex cases.

4.8 MECHANISM OF RECRYSTALLIZATION
The driving force for recrystallization is provided by the strain induced stored
energy. Recrystallization includes three stages: recovery, nucleation and growth.
(1) Recovery progresses by migration and re-arrangement of dislocations and the
formation of subgrains. It is k n o w n that both solute atoms andfineparticles can
retard the recovery process by solute-drag on dislocations and the pinning effect
on subgrain boundaries, respectively.
(2) Nucleation of new grains which contain a low density of dislocations occurs by
polygonization, subgrain coalscence and grain boundary bulging. Fine second
phase particles can retard the nucleation process by pinning grain boundaries,
but coarse particles (> -0.5 |im) m a y accelerate nucleation by acting as
nucleation sites (185).
(3) Growth of recrystallized grains takes place by grain boundary migration. Fine
particles can retard grain growth by pinning the grain boundaries.
It has been suggested that strain induced precipitates can inhibit the growth of
the recrystallized grains. But solute atomes are far less effective (185).
Experimental results showed that after rolling in the stable 7 region, the main
sites for nucleation of 7 recrystallization are the deformed 7 grain boundaries. In
addition, recrystallization also occurred at the recrystallized-unrecrystallized grain
interface (Fig.4.3). After rolling with high reductions at temperatures close to but
above A r 3 , deformation bands formed in deformed 7 grains, and during subsequent
isothermal holding, the boundaries of these deformation bands also acted as the
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Fig. 4.3 Optical micrographs
showing
austenite
recrystallization at interfaces between recrystallized
and unrecrystallized austenite (a), and deformed
austenite grain boundaries (b). 120x.
(a) C-Mn, reheated to 1150<>C for 0.5 hr, rolled 3 5 % at
850°C, held at 850°C for 100 sec.
(b) 016Ti, reheated to 1260°C for 0.5 hr, rolled 6 0 % at
850°C, held at 850°C for 100 sec.
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preferential nucleation sites for 7 recrystallization, possibly due to variation in the
strain energy in regions near the boundaries of deformation bands, as shown in
Fig.4.4 and Fig.3.26.

4.9 EFFECTS OF Ti and Ti-Nb ON CRITICAL TEMPERATURES
FOR 7 RECRYSTALLIZATION

(Tc) DURING AND

AFTER

ROLLING IN THE STABLE 7 REGION
The critical stop temperature for 7 recrystallization (Tc) is the temperature
below which full recrystallization of deformed 7 will not occur even after rolling with
high reductions.
Because alloy carbonitride particles provide the main retarding effect on 7
recrystallization, the critical temperature for 7 recrystallization (T c ) determined in the
present work is essentially a temperature below which T i N and N b T i ( C N )
precipitations can occur before the onset of 7 recrystallization and exert a strong
effect on retarding 7 recrystallization.
The stop temperature for 7 recrystallization (Tc) is mainly determined by the
chemical composition of the steel, but it also changes with reheating conditions and
rolling parameters. In general, finer initial 7 grains and higher strain rate decrease Tc,
because both fine grain size and high strain rate accelerate the 7 recrystallization
process.
In this work, Tc was defined as the temperature at which recrystallization of
deformed 7 did not occur during isothermal holding for ~ 5 minutes after rolling. The
time selected is approximately equal to the interval between rolling passes in
commercial production. T h e critical temperatures (T c ) were ~800°C, 850°C and
900°C for the C - M n , 016Ti and Ti-Nb steels, respectively.
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Fig. 4.4 Optical micrographs
showing
austenite
recrystallization at deformation bands in 019Ti-024Nb
steel.
(a) Reheated to 1150°C for 0.5 hr, rolled 2 3 % at 850°C,
held at 850°C for 600 sec, 230x.
(b) Reheated to 1150°C for 0.5 hr, rolled 3 5 % at
850°C, held at 850°C for 3 sec, 120x.
(c) Reheated to 1260°C for 0.5 hr, rolled 5 0 % at 850°C,
held at 850°C for 300 sec, 120x.
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The C - M n steel had a very low stop temperature for 7 recrystallization (T c )
which is very close to A r 3 . The very weak retardation effect in this case is probably
due to A 1 N precipitation.
The higher critical temperatures for 7 recrystallization (Tc) for the 016T1 and
Ti-Nb steels than the C - M n steel are due to the stronger pinning effect on 7 grain
boundaries of TiN and NbTi(CN) particles in these two steels than A 1 N in the C - M n
steel.
The higher Tc values are beneficial in commercial processing of these
microalloyed steels, because it means higher finishing rolling temperatures can be
used to obtainfinerrecrystallized 7 grains, or pancake-shaped unrecrystallized 7
grains. Both effects can lead to finer a grains following the subsequent 7 - > a
transformation.

4.10 EFFECT OF REHEATING AND ROLLING TEMPERATURES
ON 7 RECRYSTALLIZATION DURING AND AFTER ROLLING IN
THE STABLE 7 REGION
The reheating and rolling temperatures exerted the following influences on 7
recrystallization.
(1) Reheating to temperatures higher than the GCT of the steel resulted in coarser
initial 7 grains prior to rolling, which retarded 7 recrystallization during and after
rolling in the stable 7 region.

In contrast, reheating to temperatures lower than the GCT resulted in finer initia
7 grains prior to rolling, which accelerated 7 recrystallization during and after
rolling in the stable 7 region.
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(2) Reheating to temperatures higher than the G C T resulted in the solution of alloy
carbonitride particles, because the solute atoms can retard recovery of deformed
7 , but cannot readily retard the recrystallization process. Therefore, after
reheating to temperatures higher than the G C T and rolling and holding at
temperatures higher than the re-precipitation temperatures of TiN or NbTi(CN),
the effectiveness of Ti and Ti-Nb on retarding 7 recrystallization will be
diminished.
(3) If rolling is performed at temperatures lower than the re-precipitation
temperatures of TiN and NbTi(CN), i.e at temperatures near or below T c > Ti
and Ti-Nb additions can exert a strong retarding effect on 7 recrystallization,
because re-precipitation of T i N or NbTi(CN)) can occur before the onset of 7
recrystallization.

4.11 EFFECTS OF REHEATING TEMPERATURE AND ROLLING
REDUCTION ON 7 GRAIN SIZES AFTER ROLLING IN THE
STABLE 7 REGION
The effects of reheating temperature and rolling reduction on mean austenite
grain size can be seen from Figs.4.5-4.7. After reheating to 1260°C and rolling at
1250°C with reductions smaller than - 1 0 % , abnormal grain growth occurred in both
the 016Ti and Ti-Nb steels (Fig.4.5).
After reheating to 1150°C, abnormal grain growth resulted from low reduction
for the Ti-Nb steel only (Fig.4.6). For 1080°C reheating, abnormal grain growth
did not occur for either the Ti or the Ti-Nb steels (Fig.4.7).
These results indicate that only after reheating to temperatures higher than the
G C T , does abnormal grain growth occur.for low reductions. Because the G C T s of
the Ti and Ti-Nb steels are approximately the solution temperatures of TiN and
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NbTi(CN), most of thefineT i N and N b T i ( C N ) particles dissolve, and the effect of
these particles on grain boundary pinning diminishes. The observation of abnormal
grain growth in these cases also suggests that solute Ti and N b atoms do not prevent
grain boundary migration.
On the other hand, high rolling reductions can substantially refine the 7 grain
size. This effect was remarkable w h e n the initial 7 grains were coarse as shown in
Fig.4.5, in this case the refinement of 7 grains after heavy rolling is due to the high
nucleationrateassociated with the substantial increase of grain surface area per unit
volume (S v ) resulting from the formation of pancake-shaped 7 grains.
When the initial 7 grains were very fine, as was the case for 016Ti steel
(Fig.4.6 and 4.7), and for the Ti-Nb steel (Fig.4.7), the effect of high rolling
reductions on refining 7 grains is not so marked. The changes of 7 grain size with
rolling reducton for these two steels is not significant because at the low rolling
temperature (950°C) and the short holding time (<3sec), recrystallization of
deformed 7 was either incomplete or resulted in only marginal refinement. This
observation suggests that there is a limit for 7 grain refinement w h e n rolling in the
stable 7region. In this work, the limit for both the 016Ti and Ti-Nb steels was about
15-19 urn.
Decreasing the reheating temperature before rolling also refined the size of the
fully recrystallized 7 grains. For all three steels the recrystallized 7 grain size
decreased with reduction of the reheating temperature (Figs.4.5-4.7). T h e main
reason is that the lower reheating temperature produces finer initial 7 grain size, and
thus a higher grain surface area per unit volume (S v ) and, consequently, more
nucleation sites for n e w 7 grains following deformation
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However, for a low reheating temperature, the initial 7 grain size is small and
the 7 grains cannot be further refined by rolling in the stable 7 region even if high
reductions are applied.

4.12 EFFECTS OF Ti AND Ti-Nb ON CRITICAL REDUCTIONS
FOR 7 RECRYSTALLIZATION (rc) DURING AND AFTER ROLLING
IN THE STABLE 7 REGION
The recrystallization behaviour after 1260°C reheating and single pass rolling
is summarized in Figs.4.8-4.11. In each figure, two curves representing critical
rolling reductions, divide the total area into three regions, ie. non-recrystallized,
partially recrystallized and recrystallized.
Figure 4.12 shows a comparison of recrystallization behaviour after 1150°C
reheating and single pass rolling with all samples being quenched within 3 sec. after
rolling. The c o m m o n feature of the three steels is that the critical rolling reductions
increase with a decrease of rolling (and holding) temperature.
Figures 4.8-4.12 show that Ti and Ti-Nb can substantially increase the critical
reduction, and this effect was more pronounced at the lower rolling and holding
temperatures (<~1000°C).
The features of three recrystallization maps and the corresponding mechanisms
can be summarized as follows.
(1) The whole process of recrystallization is preceded mainly by the motion of
dislocations, and subgrain and grain boundaries. Therefore, the essence of the
critical reduction (rc) is that w h e n the rolling reduction is higher than rc, the
driving force for the motion of dislocations, subgrain and grain boundaries is
high enough to overcome barriers from the alloy carbonitride particles.

184

0.8

1.0

0 10 20 30 40
50
60
ROLLING REDUCTION, %
Fig. 4.8

Austenite

recrystallization

and

resulting

grain size as a function of rolling temperature

and

reduction in the C-Mn steel. The steel was reheated to
1260°C for 30 min., rolled with one pass and quenched
within 3 sec.
(d 0 =235nm. N R
Recrystallized, R

= Non-Recrystallized, PR
=

Recrystallized)

= Partially

185

0.8

1.0

1250

O
o

1150

900 850
1
1
1
J
I
L
10 20 30 40
50
60
ROLLING REDUCTION, %

0

Fig. 4.9
grain

Austenite

size as

recrystallization

a function

and

resulting

of rolling temperature

and

reduction in the 016Ti steel. The steel w a s reheated to
1 2 6 0 ° C for 30 min., rolled with one pass and quenched
within 3 sec.
(d 0 =85nm.

NR

Recrystallized, R

=

Non-Recrystallized,
=

Recrystallized)

PR

=

Partially

186

1250
1200 O

°
LU
DC
=5
r<
DC
LU
LU
Q_
r-

o
z
_J
_J

O
cc

1150
1100 1050 1000 950 900 850 0

Fig. 4.10

10 20 30 40
50
60
ROLLING REDUCTION, %

Austenite

recrystallization

and

resulting

grain size as a function of rolling temperature and
reduction in the 019Ti-024Nb steel. The steel was
reheated to 1260°C for 30 min., rolled with one pass
and quenched within 3 sec.
(d0=115um. NR = Non-Recrystallized, PR = Partially
Recrystallized, R = Recrystallized)

187

0.2
~l

STRAIN
0.4
0.6
T

T
l\
C-Mn
016Ti
019Ti/024Nb

0.8
T

1.0

O
o
LU
DC
_D
r-

<
CC
LU

Q.

__i
LU
H

O
o
cc
850 0 10 20 30 40
50
60
ROLLING REDUCTION, %

Fig. 4.11

Comparison

of

austenite

recrystallization

in the three steels. The samples were reheated to
1260°C for 0.5 hr, rolled in the range 850°C-1250°C,
and quenched within 3 sec.
d0(C-Mn)=235um, d0(016Ti)=85mm, d0(Ti-Nb) = 115^im.

188

0.2

STRAIN
0.4
0.6

T

0.8

1.0

T
C-Mn
016Ti
019Ti/024Nb

1250
1200
O
o
LU
CC
D
<
OC
LU

Q.
_2
LU

O
z
O
cc

850

J
0

Fig. 4.12

I

L

1

1

10 20 30 40
50
60
ROLLING REDUCTION, %

Comparison

of

austenite

recrystallization

in the three steels. The samples were reheated to
1150°C for 0.5 hr, rolled in range of 850°C-1150<>C,
and quenched within 3 sec.
d0(C-Mn)=160um, d0(016Ti)=21mm, d0(Ti-Nb)=75.im.

189

(2) In the C - M n steel, the critical reduction is very low, probably because the
retarding effect of A 1 N on 7 recrystallization is very weak.

(3) In the Ti and Ti-Nb steels, TiN and NbTi(CN) particles impose strong subgrain
and grain boundary pinning, and the critical rolling reductions (rc) were higher
than in the C - M n steel, and ranged between 7-15%.

(4) Because TiN is more stable than TiNb(CN), the effects of Ti and Ti-Nb
additions on increasing the critical rolling reduction are quite different.
In the 016Ti steel, after reheating to 1260°C, most of the very fine TiN particles
produced in casting were dissolved, but m a n y T i N particles (-150 A ) were still
present. In addition, during cooling from the reheating to the rolling
temperature, T i N particles can re-precipitate, such that critical reduction is
determined by the combined effect of solute Ti atoms, and undissolved and reprecipitated T i N particles, ie. solute Ti producing dislocation drag in the
recovery and nucleation stages, and T i N producing pinning in the nucleation
and growth stages of recrystallization.

(5) In the Ti-Nb steel, Nb decreased the stability of the Ti-rich particles, and af
reheating to 1260°C, most of N b T i ( C N ) particles present in the slab dissolved,
and the total content of Ti and N b (0.043wt%) was higher than in the 016Ti
steel (0.016wt%). S o the amount of Ti and N b solute was larger than Ti solute
in the 016Ti steel, and more effectively exerted solute drag on dislocations in the
recovery process, and retarded recrystallization at high temperatures
(>1000°C). W h e n rolling and holding at lower temperatures (<1000°C), strain
induced precipitation of N b T i ( C N ) occurred The particles were finer and had a
larger volume fraction than T i N in the 016Ti steel, resulting in higher critical
reductions than for the 016Ti steel (Figs.4.8-4.12).
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(6) For a given steel the critical rolling reduction (rc) was not constant, but changed
with the rolling and holding temperature, and usually increased with a decrease
in the rolling and holding temperature, as can be seen in Figs.4.8-4.12.
For low temperatures (<TC) the critical rolling reduction (rc) was greater than
the rolling reduction range applied (Fig.4.8-4.12).
The holding time after rolling in Figs.4.8-4.12 is <3 sec, and therefore the
critical temperatures (T c ) in thesefiguresare lower than those stated previously,
(i.e. ~800°C, 8 5 0 ° C and 9 0 0 ° C for 5 minutes holding for the C - M n , 016Ti
and Ti-Nb steels, respectively), but the effect of Ti and Ti-Nb on raising T c is
clearly illustrated in these figures.
(7) Comparing Figs.4.11 and 4.12, it is clear that rc decreases with decreasing
reheating temperature. For the 016Ti steel, this effect is mainly due to the finer
(21 vs 85 jim) initial grain size. For the 019Ti-024Nb steel, it is due to both
smaller initial grain size (75 vs 115 u.m) and smaller amount of re-precipitation
as a result of lower supersaturation after reheating to 1150°C rather than
1260°C.

4.13 EFFECTS OF Ti AND Ti-Nb ON TEMPERATURE
DEPENDENCE OF 7 RECRYSTALLIZATION AFTER ROLLING IN
THE STABLE 7 REGION
As shown in Figs 4.13-4.15, after reheating to 1260°C for 0.5 hr, rolling at
the same temperature and the same reduction, and then quenching within 3 sec, the
volume fractions of austenite recrystallization were quite different: the C - M n steel
had the highest fraction recrystallization,whilst the 016Ti steel was intermediate and
the Ti-Nb the lowest.
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In other words, for a given rolling reduction, to obtain the same volume
fraction of recrystallization, different rolling (and holding) temperatures were
needed: the highest temperature was for the Ti-Nb steel, an intermediate temperature
for the 016Ti steel, and the lowest for the C - M n steel. T w o models can be proposed
to explain this difference in the progress of recrystallization in the three steels,
following rolling and holding at high (>950°C) and low (<950°C) temperatures.

(1) After reheating to 1260°C and rolling at high temperatures, (e.g 1150°C
with 7 % reduction, and 3 sechold), the C - M n steel was 6 5 % recrystallized, but the
016Ti and Ti-Nb steels were only - 2 5 % and 0 % recrystallized, respectively. This is
due to the fact that at high temperatures, dislocation climb is the main mechanism for
recovery, and formation of sub-grains is needed for nucleation of recrystallization.
A b o v e ~1100°C, most of the N b T i ( C N ) particles in the Ti-Nb steel dissolve into
solution, so a strong solute (Nb,Ti)-dislocation interaction (solute drag) inhibits
dislocation climb thereby retarding recovery and nucleation of recrystallization at
high temperatures.
In the 016Ti steel, the combined effect of solute-drag by Ti in solution and
grain boundary pinning by undissolved TiN particles, retards recrystallization at high
temperatures (>950°C) compared with the C - M n steel. The retardation effect was
not as strong as in the Ti-Nb steel, because of lower amount of solute Ti , and
undissolved coarse T i N particles after high temperature rolling. These coarse T i N
particles are believed to be unable to retard recrystallization at high temperatures
(73).
(2) After reheating to 1260°C and rolling at low temperatures, (e.g 950°C
with 6 0 % reduction and quenching within 3 sec), the C - M n steel approached - 9 3 %
recrystallization (Fig.4.13), the 016Ti steel attained - 5 8 % , whilst the Ti-Nb steel
w a s still completely unrecrystallized (Figs.4.14 and 4.15), T h e copious
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reprecipitation and strain induced formation of NbTi(CN) particles in the Ti-Nb steel
produced before and after rolling from supersaturated solution exerted a strong
pinning effect on the deformation substructure.
For the 016Ti steel, after reheating to 1260°C and rolling at 900°C followed
by quenching in 3 sec, the retarding effect on 7 recrystallization was mainly due to
T i N particles re-precipitated during holding before rolling. Strain induced
precipitation T i N also occurred, but the amount was relatively small. In addition,
because of the higher stability of TiN than NbTi(CN), there were some undissolved
TiN particles, but due to their relatively larger size (>~150A), they are unlikely to be
able to pin the sub-grain and grain boundaries. So after rolling at low temperatures
(<950°C), micro Ti addition can also retard 7 recrystallisation, but the effectiveness
is not as great as w h e n both Ti and N b additions are present.

4.14 EFFECTS OF Ti AND Ti-Nb ON STATIC
RECRYSTALLIZATION

KINETICS OF DEFORMED 7 AFTER

ROLLING IN THE STABLE 7 REGION
Recrystallization curves for the three steels after reheating to 1260°C; rolling
1 5 % , 3 0 % and 6 0 % ; and holding at various rolling temperatures are shown in
Figs.4.16, 4.17 and 4.18, respectively. F r o m these figures it is obvious that under
certain rolling conditions, Ti and Ti-Nb additions exert two influences on static
recrystallization kinetics:
(i) they increase the incubation time which is essentially due to retardation of
the recovery process; and
(ii) they decrease the recrystallization rate.
These two effects were more marked at lower temperatures. Figure 4.16
shows that after rolling 1 5 % and holding at 850°C, incubation times for the C - M n
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and 016Ti steels were 10 sec. and 900 sec, respectively. Even after 1800 sec, the
Ti-Nb steel did not start to recrystallize.
After 30% rolling, the times needed for 95% recrystallization at 950°C for the
C-Mn, 016Ti, and Ti-Nb steels were -10 sec, -70 sec, and -900 sec, respectively
(Fig.4.17). T o analyse the data in another way, after rolling 3 0 % and holding 30
sec. at 850°C, the C - M n steel was - 6 0 % recrystallized, but the 016Ti steel was
only - 1 0 % recrystallized and the Ti-Nb steel was fully unrecrystallized.
Obviously, the longer incubation time and lower rate of recrystallization in the
016Ti and Ti-Nb steels were due to the stabilizing effect of TiN and NbTi(CN)
particles on the strain-induced microstructures and grain boundaries.
In order to analyse the effect of Ti and Ti-Nb on recrystallization retardation at
low temperatures more quantitatively, isothermal recrystallization kinetics at 950°C
in three steels are presented in Figs.4.19 and 4.20. Kinetic curves for the C - M n steel
are drawn in eachfigurefor comparison. F r o m the two figures, it is clear that Ti and
Ti-Nb additions retarded both R s and Rf (and 5 0 % rex.) by 1-2 orders of magnitude
compared with the C - M n steel. The stronger retardatiion in the Ti-Nb steel can be
attributed to the larger amount offinestrain induced precipitates.

4.15 EFFECTS OF Ti AND Ti-Nb ON GROWTH OF
RECRYSTALLIZED

y GRAINS DURING HOLDING

AFTER

ROLLING IN THE STABLE 7 REGION
It was observed that, during isothermal holding after rolling with reductions
higher than - 7 - 1 5 % , further growth of recrystallized 7 grains occurred on the
completion of recrystallization. The 7 grain growth characteristics can be summarized
as follows.
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(1) For the same rolling and holding conditions, the recrystallized 7 grains in t
M n steel grew at a higher rate than in the 016Ti and Ti-Nb steels, due to the
relative absence of strong grain boundary pinning particles.
(2) When rolling and holding at low temperatures (< ~950°C), in both the 016Ti
and Ti-Nb steels, recrystallized 7 grains grew at a similar low rate, due to a
similar effective particle pinning effect on grain boundaries by T i N and/or
NbTi(CN) at low temperatures.
(3) After reheating to 1260°C, rolling with reductions > -35% and holding at high
temperatures (>~1050°C), recrystallized 7 grains in the Ti-Nb steel grew at a
higher rate than in the 016Ti steel.
Figure 4.21 shows the extent of 7 grain growth after reheating to 1260°C,
rolling 6 0 % and holding at 1150°C and 1050°C, respectively. In each case the
C - M n steel had the highest grain growth rate, the 016Ti steel the lowest and TiN b steel was intermediate.
(4) The rate of growth of the fully recrystallized austenite grains was consistent
with the following equation (186):
D = K-t" [23]

where D is the grain diameter (um), t is holding time (sec), and K is a
constant
The values of n were calculated and are given in Fig.4.21, which shows a plot
of log D versus log t.
Both of the temperatures 1150°C and 1050°C were lower than the solvus for
TiN, and so in the 016Ti steel, recrystallized austenite grains grew at a low rate (n =
0.05) due to the pinning effect of undissolved TiN particles on 7 grain boundaries.
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However, 1150°C is higher than the solvus temperature for N b T i ( C N )
(~1100°C), so that most of the Ti and N b were still in solution. In this case,
recrystallized 7 grains were associated with a time exponent n = 0.08, which is
higher than in the 016Ti steel, suggesting that solute N b and Ti atoms are less
effective in retarding the migration of recrystallized 7 grain boundaries.
At 1050°C, which is just below the solvus for NbTi(CN), the amount of reprecipitated and strain induced NbTi(CN) particles was too small to prevent the
migration of recrystallized 7 grain boundaries. Therefore, the austenite grains still
grew at a higher rate than in the 016Ti steel.

4.16 EFFECTS OF Ti AND Ti-Nb ON THE ACTIVATION ENERGY
FOR 50% RECRYSTALLIZATION OF 7 AFTER ROLLING AND
HOLDING IN THE STABLE 7 REGION
On the basis of the experimental results, recrystallization kinetics curves
(sigmoidal % recrystallization curves) were drawn (Figs 4.16-4.18) and the times
for 5 0 % recrystallization (to.5) for particular rolling conditions were obtained from
these curves. Then the relationship between the time for 5 0 % recrystallization (to.5)
and the reciprocal of the absolute temperature for rolling reductions of 15, 30 and
6 0 % were determined, as shown in Figs.4.22-4.24.
The time for 50% recrystallization (to.5)is usually related to temperature as
follows (187):
l^eceQ/RT

[24]

where: ty 5 = time for 50% recrystallization;
Q = activation energy (including energies for nucleation and growth);
R = 8.2063 J x mole -1 x K"1; and
T = rolling and holding temperature (K).
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The C-Mn, Ti and Ti-Nb steels all showed two stage linear plots of to.5 a n d
1/T, as reported previously for similar steels (189). Greatly increased retardation of
recrystallization occurred below about 900, 940 and 980°C, respectively, for the
three steels (Table 7). This type of behaviour has been interpreted in terms of the
onset of strain induced precipitation which interacts with and pins the deformation
structure, retarding the recrystallization process (189). In the case of the C - M n steel
A1N precipitation is the most likely factor, whereas TiN and NbTi(CN) are the likely
species in the two microalloyed steels.

From the slopes of the lines in Figs 4.22-4.24, the activation energies for 50%
recrystallization (Q r e x.) w e r e calculated according to equation 24, and are listed in
Table 7.
Table 7

Activation Energy for 5 0 % Recrystallisation, Q rex ( U / mole)

Temperature for
Steel strain induced
Qrex (T>T p )
precipitation, Tp 6=0.916 £=0.357 £=0.162

Qrex (T<T p )
6=0.916 6=0.357 6=0.162

C-Mn

~900°C

305

315

325

590

630

680

016Ti

~940°C

350

385

425

710

760

845

Ti-Nb

~980°C

410

445

505

890

945

1080

After rolling 6 0 % and holding at high temperatures (>~1000°C), 5 0 %
recrystallization is approached in a very short time (<1 sec). In these cases, it was
impossible to detect the time to.5 D v experiments, because the samples could not be
quenched in such a short time. Therefore, to.5 w a s estimated by extrapolation of data
for samples quenched in 1-3 sec, in which the % recrystallization was larger than
5 0 % (Figs.4.16-4.18).
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Figure 4.22-4.24 show that below ~900°C, ~ 9 4 0 ° C and ~ 9 8 0 ° C for the CM n , 016Ti and Ti-Nb steels, respectively, the slopes of the lines became smaller,
suggesting that below these temperatures, recrystallization was more sluggish. This
retardation of recrystallization is inferred to be due to the more effective retardation
of recrystallization by A1N, TiN and NbTi(CN) precipitates, respectively.
Although activation energy appeared to increase with decreasing rolling strain
as reported by others (188, 189), the data are insufficient to claim that the trend is
significant in this work.
For similar rolling conditions, the Ti-Nb steel showed the highest activation
energy, consistent with the strong effect of Ti and N b additions on retarding 7
recrystallization.

4.17 EFFECT OF Ti AND Ti-Nb ON 7 AND a GRAIN SIZE
AFTER R E H E A T I N G T O 1260°C, A N D ROLLING A N D H O L D I N G
IN T H E (7+a) REGION
4.17.1 Effect of Initial 7 Grain Size
Because the austenite grain coarsening temperatures (GCTs) for the 016Ti
(~1200°C) and Ti-Nb (~1120°C) steel slabs were higher than that for the C - M n steel
slab (~1050°C), reheating to 1260°C for 30 minutes and holding at 730°C for 10
minutes, resulted in finer 7 and a grain sizes in the 016 Ti and 019Ti-024Nb steels.
The 7 and a grain sizes produced by reheating and holding before rolling are
referred to as the initial grain sizes. The initial grain sizes given in Fig.3.33 are 235
u m , 85 u m and 115 fim for the C - M n , 016Ti and Ti-Nb steels, respectively. The
grain sizes of a which formed mainly at 7 grain boundaries are respectively 27 (im,
18 p.m, and 20 p:m for three steels. After rolling, the size of the a grains at the 7
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grain boundaries decreased because of the nucleation of additional a grains. The
numbers of a grains intersecting 1 m m of 7 grain boundary are given in Table 8.

Table 8 Prior 7 grain size [D7, pm], number of a grains per mm of 7 grain
boundary [N, mm"*] and average intergranular a grain size [Da, |im]

% Deformation
Steel

Dy

0

28

60

N

Da

N

Da

N

Da

37

11.5

95

55

27
18

60

016Ti

235
85

140

5.2

265

6.0
3.8

Ti-Nb

115

50

20

125

5.0

255

3.5

C-Mn

About 3 0 % transformation to a occurred prior to rolling and this a formed
predominantly along 7 grain boundaries. N e w a grains which formed along 7
boundaries after rolling were much finer and so the average grain size of the
intergranular a grains decreased. Further, the decrease in average a grain size D a
with increased deformation (Table 8 and Fig.3.41) is due both to the effect of higher
nucleation rate and also to the formation of a subgrains in the coarser a grains
formed prior to, and deformed by hot rolling.

In undeformed samples, the diameter of the a grains nucleated at 7 grain
boundaries is affected by the 7 grain size (73) according to the following equation:
D a °-D7i/3

[25]

where Da = size of a grains nucleating at 7 grain boundaries, and
0 7 = 7 grain size.
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The ratio of D y I/3 for three steels is:
Dy (C-Mn)1/3 : D7 (Ti)1/3 : Dy (Ti-Nb)1/3
= (235)!/3: (85)!/3 : (115) 1 / 3

= 1.4 : 1.0 : 1.1.
Theratioof D a for three steels is:
Da(C-Mn): Da(Ti): Da(Ti-Nb) = 27:18:20 = 1.5:1.0:1.1

The two sets of ratios correspond closely, indicating that the measured data for
the three steels fit equation 25 and that in undeformed samples, the a grain size is
mainly influenced by 7 grain size.
4.17.2 Effect of Low Rolling Reductions on a Grain Size
For low rolling reductions (<~15%), a grains were also formed mainly at 7
grain boundaries as shown in Fig.3.34 a-c In these cases, the initial 7 grain size is
also the dominant factor which influences the a grain size.
For example, in Fig.3.41, the a grain sizes in 8% rolled samples are 21 urn,
15 u m and 16 urn for the C-Mn, 016Ti and Ti-Nb steels, respectively, and the ferrite
grain size ratio is:
Do(C-Mn): Da(Ti): Da(Ti-Nb) =21: 15:16 = 1.4:1.0 :1.06

which is also consistent with the ratio of the cube roots of initial 7 grain siz
(1.4 : 1.0 : 1.1).
4.17.3 Effect of High Rolling Reductions
For rolling reductions higher than about 20%, the formation of deformation
bands and the activation of twin boundaries resulted in the nucleation of a within the
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7 grains. A s a result, strain-induced substructures exerted a significant effect on a
grain refinement and the influence of initial 7 grain size on the a grain size was
reduced (Fig.3.41).
The reheating temperature of 1260°C was slightly higher than the GCT for the
016Ti steel slab (1200°C), but m u c h higher than the G C T of Ti-Nb steel slab
(1120°C), and so the effect of reheating temperature on initial 7 grain size would be
expected to be quite different. During reheating to 1260°C, 7 grain growth was
retarded mainly by the pinning effect of undissolved T i N particles on 7 grain
boundaries in the 016Ti steel, and mainly by solute-drag by N b and Ti atoms on 7
grain boundaries in the Ti-Nb steel

4.18 EFFECT OF Ti AND Ti-Nb ON SUBSTRUCTURES IN
DEFORMED AUSTENITE
4.18.1 Strain-induced Substructures
As mentioned above, in undeformed samples and samples rolled with low
reductions (<15%), nucleation of a at 7 grain boundaries is predominant. In this
case, the Ti and Ti-Nb additions refine the initial 7 grains and subsequently the a
grains.
In the samples rolled with reductions >~20%, nucleation of a within 7 grains
became significant. In this case, the Ti and Ti-Nb additions tend to increase the
density of strain-induced substructures, such as deformation bands and twins,
thereby increasing a nucleation rate and consequently refining the a grains
(Fig.3.34 d.e and f).
The rolling and holding temperature (730°C) adopted in this work was in the
non-recrystallization region for austenite in all three steels, and rolling at this
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temperature introduced substructures in the three steels which included dislocations,
cell structures, a subgrains, deformation bands and deformed twins.

Although the nature of deformation bands is not yet accurately known, these
bands act as grain boundaries which divide 7 grains into several blocks and thereby
increase the n u m b e r of nucleation sites for a grains. Since there are large
disorientations between adjacient regions across a deformation band, the band
becomes a kind of large-angle grain boundary (73,120 and 121) and provide potent
sites for the nucleation of recrystallization (8,78 and 121).

The present work showed that the deformed twins consisted of pairs of parallel
boundaries, whilst deformation bands were parallel but less regular. It has been
suggested that the deformed twin boundaries have similar structures to those of 7
grain boundaries, and act as preferential nucleation sites for a (73).

4.18.2 Effect of Ti and Ti-Nb on Strain-induced Substructures
The effects of Ti and Ti-Nb additions on strain-induced substructures in asdeformed samples can be summarized as follows.

(1) Ti and Ti-Nb additions increase the density of strain-induced substructures
over the whole range of rolling reductions (see Section 3.4.3.3). It was found
that the density of dislocations and volume fraction of cell and a subgrain
structures were also increased by the presence of Ti and Ti-Nb additions.
The higher density or volume fraction of strain-induced substructures in
deformed samples of the 016Ti and Ti-Nb steels than in the C - M n steel can be
attributed to the pinning effect of carbonitride particles on dislocations which
results in a higher density of dislocations and a finer cell structure than in the CM n steel. The restrictions to dislocation motion in the presence of precipitates
favours plastic strain by formation of deformation bands. Dislocation
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accumulation at existing twin boundaries also makes them incoherent and
"active" in terms of a nucleation.
(2) Ti and Ti-Nb additions can stabilize the strain-induced substructures. In the
C - M n steel, during or after rolling, recovery occurs fairly rapidly, whereas
recovery in the 016Ti and Ti-Nb steels is retarded by the stabilization of
dislocation and cell structures. In the 016Ti steel, this stabilization is due to the
pinning effect of undissolved and re-precipitated T i N particles. In the Ti-Nb
steel, it is due to solute-drag by Ti and N b atoms and pinning effect of reprecipitated NbTi(CN) particles.
Therefore, Ti and Ti-Nb additions generate and stabilize strain-induced
substructures, creating m a n y more nucleation sites for a grains and thereby enhance
strain-induced 7 - > a transformation.

4.19 EFFECT OF Ti AND Ti-Nb ON THE 7 -> a
TRANSFORMATION TEMPERATURE
It has been suggested that after deformation, the a transformation temperature
is raised and the a start time is shortened, with both effects being more marked with
increasing deformation (109).
In this work, the effect of deformation on accelerating 7 -> a transformation
has been confirmed, and, in addition, Ti and Ti-Nb additions have been found to
enhance this effect.
This enhancement of a nucleation has been discussed in several reports.
Roberts, Lidefelt and Sandberg (106) emphasized the importance of grain boundary
a nucleation in deformed 7. Deformation in the non-recrystallization region quite
frequently produces bulges at 7 grain boundaries, where the activation energy for a
formation is lowered (Fig. 1.2), resulting in the enhancement of a formation.
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Inagaki (110) also demonstrated that the introduction of highly-strained
regions near grain boundaries or near the boundaries of annealing twins seems to be
essential to the enhancement of a nucleation and, therefore, to grain refinement.
On the basis of these hypotheses, it is reasonable to assume that, under the
same deformation condition, m a n y more 'bulges' and/or 'highly-strained regions' at
or near 7 grain boundaries, deformation bands and twins are produced in the 016Ti
and Ti-Nb steels than in the C - M n steel, due to the pinning effect of particles on
dislocations. Thus, the a nucleation rate would be expected to be higher in the two
microalloyed steels.
On the other hand, solute Nb and/or Ti and undissolved or re-precipitated alloy
carbonitrides can restrict the migration of a grain boundaries, decreasing the growth
rate of a in the microalloyed steels compared with the C - M n steel.

4.20 EFFECT OF Ti AND Ti-Nb ON a NUCLEATION RATE AND
a GRAIN SIZE
The effect of deformation on accelerating a nucleation and the enhancement on
this effect by Ti and Ti-Nb additions has been discussed above, and on this basis a
more quantitative analysis can be made.
Defomation and Nb and/or Ti additions can also influence the growth rate of
a. It was reported that deformation increases the parabolic rate constant, but the
increase is less than 1 0 % (73), and compared with the effect on nucleation rate
exerted by deformation and Ti, N b additions, the effect on the growth rate of cc is
minor and can be ignored.
4.20.1 Nucleation Rate of a at Deformed 7 Grain Boundaries
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D u e to the strain-induced 7 -> a transformation, the numbers of a grains
intersecting 1 m m of 7 grain boundary increased with % deformation (Table 8).
In undeformed samples, the number of a grains (N) intersecting 1mm of 7
grain boundary were counted as 37, 55, 50 for the C-Mn, 016Ti and Ti-Nb steels,
respectively. In 2 8 % and 6 0 % rolled samples, the numbers increased to 60,140 and
125, and to 95, 265 and 255, respectively.
Tamura et al. (73) have proposed that the number of a grains nucleated per
unit area (lmnor) of 7 grain boundary surface is proportional to the square of N:
ns - N2 [26]
where: ns = number of a grains nucleated 1mm2 of 7 grain surface, and
N = number of a grains intersecting 1 m m of 7 grain boundary
Furthermore, ns can be related to nucleation rate according to the following
equation (73):
ns = (Vls/a)/3V2

[27]

where: ns = number of a grains nucleated 1 mm2 of 7 grain surface;
Is = nucleation rate of a; and
a = parabolic rate constant of growth of a grains
Since the parabolic rate constant (a) is not changed greatly by deformation,
equation 27 can be modified to:
Is «* ns2 [28]
or Is - N4 [29]
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Thus, the a nucleation rate (Is) at 7 grain boundary surface can be estimated by
equation 29. Using the values of N in Table 8, the effect of deformation on grain
boundary nucleation of a can be estimated.

In the C-Mn steel the a nucleation rate at 7 grain boundary surface (Is)
increased by 7 [(60/37)4] and 43 [(95/37)4] times, respectively, w h e n the rolling
reduction increased from zero to 2 8 % and 6 0 % .
Under the same conditions, I s increased 42 [(140/55)4] and 462 [(265/55)4]
times for the 016Ti steel and 39 [(125/50)4] and 677 [(255/50)4] times for the Ti-Nb
steel.
These results indicate that deformation accelerates a nucleation at deformed 7
grain boundary surface for all three steels, and this acceleration is substantially
enhanced by Ti and Ti-Nb additions in the 016Ti and Ti-Nb steels.
The effect of deformation on accelerating a nucleation at 7 grain boundaries is
a result of the density of the highly-strained regions near 7 grain boundaries being
greatly increased by deformation, and these regions subsequently act as a nucleation
sites.
The enhancement by Ti and Ti-Nb additions of the deformation-accelerated a
nucleation rate is due to the pinning and stabilizing effect on highly-strained regions
near 7 grain boundaries, which results in higher defect densities in these regions than
for the C - M n steel for the same rolling reductions. T h e pinning and stabilizing
effects are attributed to undissolved and reprecipitated T i N particles in the 016Ti
steel, and to the combined effect of reprecipitated NbTi(CN) particles and solute N b
and Ti in the Ti-Nb steel.
4.20.2 Nucleation Rate of a Within Deformed 7 Grains
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A n important change after reductions > 2 0 % was the intragranular nucleation of
a grains which resulted in further refinement of a. The average intragranular grain
size after rolling and holding for 1 min at 730°C is given in Table 5. A s expected,
the grain size decreased with increasing reduction for all three steels.
Table 5 shows that after 8%, 28% and 60% rolling and 1 minute holding, the
average grain sizes of a nucleated within deformed 7 grains were 21 urn, ll.5u.rn
and 6.0um for the C - M n steel; 16 u m , 5.2 (im and 3.8 [im for the 016Ti steel and
15 p m , 5.0 p.m, 3.5 u,m for Ti-Nb steel, respectively. The following equation relates
intragranular a grain size to the homogeneous nucleation rate, Ih (73):
D« = 0.974 (Vlh/a)"2/5 [30]
where: Da = grain size of a nucleated within deformed 7 grains;
Ih = homogeneous nucleation rate of a within per unit volume of deformed 7
grains; and
a = grain growth rate of a nucleated within deformed 7 grains.
Assuming that the influence of deformation on a grain growth rate (a) can be
ignored, then
Ih~(Da)-5 [31]
So in comparison with 8% rolled samples, the nucleation rate of a within
deformed 7 grains (Ih) increases by 20 [(21/11.5)5] and 525 [(21/6)5]timesfor 2 8 %
and 6 0 % rolling reduction in the C - M n steel.
Under the same condition, in the 016Ti steel, Ih increases by 275 [(16/5.2)5]
and 1323 [(16/3.8)5] times; and in the Ti-Nb steel, Ih increases by 243 [(15/5)5] and
1446 [(15/3.5)5] times.
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Therefore, deformation accelerates a nucleation rate within deformed 7 grains
for all three steels, and this effect is substantially enhanced by Ti and Ti-Nb
additions in the 016Ti and Ti-Nb steels, especially after rolling with m e d i u m
reductions (20-35%). This is reasonable because a nucleation mainly occurs at
dislocations, deformation bands and twins, and reductions > 2 0 % accelerate the a
nucleation rate by producing m a n y more such nucleation sites. Furthermore, Ti and
Ti-Nb additions magnify this acceleration by producing a higher density of more
stable nucleation sites for the same rolling reduction.
4.20.3

Average a Grain Size

The average a grain size in the samples rolled with different reductions and
held for 1 minute were measured (Fig.3.41). It is clear in Fig.3.41 that the average
a grain size in the 016Ti and Ti-Nb steels is smaller than in the C - M n steel.
Although there are some differences between the mechanisms of a nucleation
and growth at 7 grain boundaries and grain interiors, on the basis of simplifications
assumed (73), the following equation has been proposed to estimate the general a
grain size in the samples rolled in the (7 + a) two-phase region (73):
D « ={ [CW2) (a(p))] / [(Sv(p) Vls(p)]} 1/3

[32]

where: Da = general a grain size in deformed samples;
S v (p) = the sum of the areas of grain boundary surface, deformation bands
and twin boundaries under certain rolling reduction (p);
ls(p) = a nucleation rate per unit area of deformed 7 grain surface,
deformation band and twin boundaries for a rolling reduction (p);
a(p) = the parabolic rate constant of a growth for reduction (p).

On the basis of this analysis, and according to equation 32, higher Sv(p), Is(p)
and smaller a(p) result in smaller D a .
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Compared with the C - M n steel, the 016Ti and Ti-Nb steels have the following
characteristics.

(1) Ti and Ti-Nb additions result in a smaller initial 7 grain size before rollin
higher density of deformation bands and deformed twin boundaries during and
after rolling, with all of these effects increasing S v (p).
(2) Ti and Ti-Nb additions enhance the a nucleation rate at both deformed 7 grain
boundaries and interiors, resulting in a higher value of Is(p).
(3) By slowing down the diffusivity of carbon and retarding migration of grain
boundaries, Ti and Ti-Nb additions result in a smaller value of a(p).
The general effects in (1) - (3) consequently result in a finer a grains in the
016Ti and Ti-Nb steels than in the C - M n steel.

4.21 EFFECT OF Ti AND Ti-Nb ON RESTORATION
BEHAVIOUR OF DEFORMED a
4.21.1 Restoration of Deformed cc Grains
The experimental results, especially the results from electron microscopy,
showed that during and after rolling in the (7 + a ) two-phase region, dynamic and
static recovery are the dominant processes occurring in a. Dynamic recrystallization
was not operative in deformed a grains in this work.
As mentioned above, after reheating to 1260°C for 30 minutes and holding at
730°C for 10 minutes before rolling, about 3 0 % of austenite transformed to ferrite.
These ferrite grains formed mainly at 7 grain boundaries, and are referred to as
'prior a grains'. In the subsequent rolling, both 7 and prior a are deformed. During
holding at 7 3 0 ° C after rolling, n e w a grains are formed at deformed 7 grain
boundaries and grain interiors, which are referred to as 'newly formed a grains'.
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The a grains discussed here are the 'prior a grains', and the 'newly formed a
grains' are discussed in Section 4.22.
During rolling, the prior a grains are deformed together with the 7 grains, and
then recovery and recrystallization processes occur during and/or after rolling,
depending on the rolling reduction, holding time and the effect of Ti, N b additions.
A high density of dislocations is produced in the deformed a grains, and during
and/or after rolling, recovery and recrystallization processes occur which involve the
migration of dislocations and subgrain and grain boundaries.
4.21.2 Recovery of Deformed a
A comparison of recovery and recrystallization behaviour in deformed a grains
for the three steels is given in Table 9.
The main points from Table 9 are as follows.
(1) In rolled and immediately quenched samples, well developed a subgrain
structures were found only in 6 0 % rolled samples of the 016Ti and Ti-Nb
steels. However, they were found even in 4 0 % rolled samples of the C - M n
steel, indicating that dynamic recovery is retarded by the presence of Ti and TiN b additions.
(2) Static sub-grain formation was found in the C-Mn steel for any rolling
reductions, but it was not operative in 8 % rolled samples of the 016Ti and TiN b steels, indicating that Ti and Ti-Nb additions retard static recovery if the
strain is not high enough.

(3) Static recrystallization of deformed a occurred in 17% rolled samples of the
M n steel, but it started to occur only when rolling reductions exceeded - 2 0 % in
the Ti-Nb and Ti steels.
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(4) Static recrystallization of deformed a in the Ti and Ti-Nb steels was more
sluggish than in the C - M n steel, resulting in cells and/or a subgrains existing
even after holding for 30 minutes after rolling with various reductions.
Table 9 Recovery and recrystallization behaviour in deformed a grains
for the three steels
Restoration
Steel

C-Mn

process

8%

17%

28%

*D.R

N
Y
N

N
Y
Y

N
N
N
N
N
N

S.R
S.Rx
*D.R

016Ti

S.R
S.Rx
*D.R

Ti-Nb

Rolling reductions

S.R
S.Rx

40%

60%

Y
Y
Y

Y
Y
Y

Y
Y
Y

N
Y
N

N
Y
Y

N
Y
Y

Y
Y
Y

N
Y
N

N
Y
Y

N
Y
Y

Y
Y
Y

*D.R = Dynamic Recovery
S.R = Static Recovery
S.Rx = Static Recrystallization
N = the process was not operative
Y = the process was operative
The a which forms at 730°C inherits alloy nitride or carbonitride particles
from the y and further precipitation can occur from the a during or following
polymorphic transformation. These particles inhibit dislocation movement during hot
rolling and promote dislocation multiplication.
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In the 016Ti steel, the Ti content is less than that required to combine
stoichiometrically with N (3.4:1) and thus Ti will be tied up as a nitride which is
relatively stable at high temperature. A n y T i N which dissolves on reheating to
1260°C for 30 minutes will re-precipitate as fine particle on cooling to the holding
temperature of 7 3 0 ° C prior to rolling. Little or no precipitation of Ti(CN) is to be
expected on the formation of a, so that only T i N inherited from 7 will exert an
influence on the restoration behaviour of the deformed a. The T i N particles restrict
migration of dislocations and subgrain boundaries, retarding both the recovery and
recrystallization processes.
On the other hand, the Ti-Nb steel has enough Ti+Nb to combine completely
with N to form TiNbN, and to provide excess solute for precipitation of the carbide
N b T i C from a during transformation of 7 and by strain-induced precipitation from
deformed a. Since the carbides and nitrides are isomorphous (140, 141), the actual
compounds are likely to be carbonitrides with excess nitrogen in the high temperature
precipitates, and excess carbon in the low temperature precipitates. Particles inherited
from 7 as well as fine precipitates formed in a would be expected to exert a strong
retarding effect on the restoration behaviour of the deformed a
4.21.3 Recrystallization Behaviour of Deformed a
As mentioned above, dynamic recrystallization of deformed a was not
observed in this work. Furthermore, static recrystallization of deformed a was also
not observed in samples of the three steels rolled with 8 % reduction, and samples of
the Ti and Ti-Nb steels rolled with 1 7 % reduction.
The static recrystallization kinetics of deformed a for different rolling
reductions are illustrated in Fig.3.51. Static recrystallization occurred rapidly in the
non-microalloyed C - M n steel, but was sluggish in the Ti-Nb and 016Ti steels, due
to the pinning effect of NbTi(CN) and TiN particles, respectively.
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Higher rolling reductions markedly shortened the incubation time (T) for the
onset of recrystallization in deformed a for all three steels, but for each steel, after
the onset of recrystallization, the progress of recrystallization was not influenced by
the rolling reduction.
The higher rolling reductions introduce higher levels of stored energy and
consequently, there is a stronger driving force for nucleation of recrystallization, and
the incubation time (x) for recrystallization is shortened. After the onset, the progress
of recrystallization w a s mainly dependent on the growth rate (G), and w h e n the
reduction was > 1 5 % ) , G was nearly constant, and so the amount of deformation did
not substantially influence the progress of recrystallization after its onset
Both the onset and progress of recrystallization in deformed a are substantially
retarded in the 016Ti and Ti-Nb steels, compared with the C - M n steel.
In the Ti-Nb steel, this retardation is due to the combined effect of solute drag
and particle pinning on a subgrain and grain boundaries. Before rolling, Ti-Nb
additions are present as solute N b and Ti and re-precipitated N b T i ( C N ) particles.
Solute N b and Ti atoms retard the onset of recrystallization, but they do not retard
the progress of recrystallization (73). The re-precipitated N b T i ( C N ) particles retard
not only the onset but also the progress of recrystallization. After rolling, more
strain-induced NbTi(CN) precipitates are produced in deformed a grains in about 10
seconds (73), which is shorter than the incubation time (%) for the onset of a
recrystallization. So it is reasonable to assume that these strain-induced NbTi(CN)
precipitates also exert a strong retarding effect on both the onset and progress of
recrystallization of deformed a in the Ti-Nb steel.
In the 016Ti steel, the retarding effect on both the onset and progress of
recrystallization in deformed a should be due to the pinning effect on a grain and
subgrain boundaries of undissolved and re-precipitated T i N particles. Because the

225

solubility of Ti in a is very low, the amount of strain-induced T i N precipitation in
the 016Ti steel should be very small and its effect can be ignored.
The addition of Ti and N b retards the onset of a recrystallization by 1 to 2
orders of magnitude.compared with that in the C - M n steel. The retarding effect of a
Ti alone on the onset of recrystallization is weaker than that by both Ti and N b , but
the effect of Ti on retarding the progress of recrystallization is similar. These
observations can be explained on the basis that the retarding effect on the onset of
recrystallizstion of deformed a in the Ti-Nb steel is due to the combined effect of
solute N b and Ti, and re-precipitated and strain-induced N b T i ( C N ) particles. The
total volume fraction of the two types of NbTi(CN) particles (7.4xl0~4) is more than
twice that of T i N in 016Ti steel (3.2xl0~4), and therefore, their effect on the onset
of a recrystallization is stronger than that by TiN. However, solute N b and Ti atoms
do not significantly retard the progress of a recrystallization, and the effect of
precipitate dispersions on moving grain boundaries is less sensitive to the type and
volume fraction of precipitates than is the nucleation stage. Therefore, a Ti addition
alone has a similar effectiveness to an addition of Ti and N b in terms of the progress
of recrystallization of a.

4.22 EFFECT OF Ti AND Ti-Nb ON RESTORATION PROCESSES
IN DEFORMED y AFTER ROLLING IN THE (7 + a) REGION
Rolling in (7 + a) two-phase region constitutes 'cold-work' of the austenite,
and no recrystallization occurred in the deformed 7 grains. The dominant restoration
process occurring during and/or after rolling was recovery.
The recovery process occurring in deformed 7 mainly proceeded in highlystrained regions near 7 grain boundaries, deformation bands and deformed twins, or
in other regions containing a high density of dislocations. During and after rolling,
strain-enhanced 7 -> a transformation also occurred in these sites. Therefore, the
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restoration of deformed 7 grains was accomplished by the 7 -> a phase
transformation.
The rolling and holding temperature (730°C) adopted in this work is in the
upper range of the (7 + a ) region for the three steels, and after rolling and holding, a
considerable volume fraction of austenite remained. However, in commercial
production, lower rolling and holding temperatures such as 680°C-710°C are often
adopted, and after strain-induced 7 -> a transformation, only a very small volume
fraction of austenite is present. In this case, the more important factor to consider is
the restoration of the deformed prior a grains, rather than the restoration of the
remaining 7.
The main effects of deformation are that higher rolling reductions result in:
(i) more nucleation sites for new a grains;
(ii) a shorter incubation time for the onset of 7 -> a transformation;
(iii) a higher dislocation density in deformed 7, and
(iv) a higher volume fraction of subgrain structure in prior a grains, and finer
equiaxed recrystallized a grains.
The presence of Ti or Ti-Nb microalloying elements exert additional effects.
They increase the dislocation density in deformed 7 grains, accelerate 7 -> a
transformation and refine the n e w a grains.
Therefore, in respect to the 7 -> a transformation, Ti and Ti-Nb additions can
accelerate the transformation (restoration) process in highly-strained regions in
deformed 7. But in lightly strained regions where the 7 -> a transformation cannot
occur, Ti and Ti-Nb additions can retard the restoration process of deformed 7, by
particle pinning of dislocation structures. From this viewpoint, the effect of Ti and
Ti-Nb additions on the restoration process of deformed 7 is quite complicated.
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4.23

EFFECT OF Ti A N D Ti-Nb O N THE HARDNESS

OF

D E F O R M E D a GRAINS
In addition to the changes of microstructures, the change of hardness of
deformed a grains after deformation also reflects the progress of restoration in
deformed a, and thereby reflects the effect of Ti and Ti-Nb additions on restoration
behaviour of deformed a.
The hardening of the deformed a results from the strain-introduced cell
structure and/or a subgrains. A generalized form of the Hall-Petch equation can be
used to describe the variation of flow stress or hardness as a function of cell,
subgrain and grain boundary barriers (190):
a = co + k d " m

[33]

where: a = yield stress,
ao = friction stress opposing dislocation movement in the grains,
k = the unpinning constant,
d = grain diameter,
m = the exponent, and m is commonly 1/2 for grain boundaries, but can vary
from m =1 to m =1/2 for cells and well recovered subgrains, respectively
(191).
The significance of cell and subgrain boundaries is that their strengthening
effect can be comparable to that of high angle grain boundaries despite
characteristically low misorientations (192).
The changes of hardness in deformed a grains during isothermal holding after
rolling are summarized in Fig.3.55, and the the reasons for the changes of hardness
are discussed below.
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(1) The hardnesses of the deformed ferrite regions in the steels investigated were
initially high, but on isothermal holding, restoration by static recovery and then
static recrystallization resulted in substantial decreases in hardness.
The higher hardness of a grains in as-deformed samples resulted from the finer
a grain sizes than that before rolling, and strain-induced dislocations, cell
and/or subgrain structures. According to equation 33, both of these changes
contribute to the increase of hardness.
The decrease of hardness with isothermal holding is due to recovery and/or
recrystallization process(es), which result(s) in an increase of a grain size and
decrease of volume fraction of cell and/or subgrain structure. According to
equation 33, both of these changes should result in decrease of hardness.
The hardness of deformed a grains increases with rolling reduction. This is due
to the higher rolling reductions producing finer a grains and subgrains
(Fig.3.43), and larger volume fractions of cell and/or subgrain structures.
During isothermal holding after rolling, the hardness of deformed a in samples
rolled with higher reductions decreases more rapidly. This is because in these
samples recovery and recrystallization proceed more rapidly than in the samples
rolled with lower reductions.

(4) In each case, a grains in the 016Ti and Ti-Nb steels exibited a higher hardnes
than in the C - M n steel.
The higher hardness of a in the microalloyed steels is due to the finer a grains
and subgrains, precipitates and higher density or volume fraction of dislocations,
cell and cc subgrains than in the C - M n steel after rolling with same reductions.
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During isothermal holding, the Ti and Ti-Nb additions retarded both recovery
and recrystallization in deformed a, resulting in higher volume fractions of a
subgrains, and finer a grain and subgrain sizes than in the C - M n steel for the
same rolling and holding conditions. Thus, the presence of Ti and Ti-Nb results
in a higher strength and hardness of the hot rolled ferrite.
(5) In each case, a grains in the Ti-Nb steel exibit higher hardness than in the
steel. This is due to the stronger effect of Ti-Nb than Ti alone on retarding
restoration and the additional solid-solution hardening in the Ti-Nb steel.
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Chapter 5

CONCLUSIONS

231

O n the basis of the experimental results and the discussion, the following
main conclusions can be drawn concerning the steels investigated.
1 During reheating, austenite grain coarsening occurs at a low temperature
(~1050°C) in the concast C - M n steel slab, due to the low solution
temperature of the A 1 N grain boundary pinning particles. However, the
austenite grain coarsening temperature ( G C T ) can be increased by
microalloying additions of Ti or Ti-Nb which produce nitride precipitates
having high solution temperatures.

2 Low Ti (<~0.02%wt) with Ti: N ratio near to the stoichiometric ratio (3.42)
can substantially increase the austenite grain coarsening temperature (GCT) of
the C - M n base steel slab from ~1050°C to -1200°C. Because most of the Ti
combines with N to form fine ( <~150 A ) dispersed TiN cuboids during
solidification and cooling of the slab, these TiN cuboids can effectively pin
the austenite grain boundaries even at high reheating temperatures due to their
high stability.
3 High Ti level (»0.02% wt) with Ti: N ratio in excess of the stoichiometric
ratio results in lower G C T than that of lower Ti level, due to formation of
coarse ( » 2 0 0 A ) TiN cuboids and T14C2S2 rods which are far less effective
in pinning the grain boundaries. Although fine (<200A ) Ti(CN) spheroids
are also present on reheating, they do not substantially increase G C T ,
because of their relatively low solution temperature.
4 Micro-Nb alone did not increase the GCT, due to the formation of Nb(CN)
which has a low solution temperature similar to A I N (~1050°C), resulting in
a G C T of the N b steel which was close to that of the C - M n steel (~1050°C).
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Ti-Nb additions increased the G C T of the concast C - M n steel slab from
~1050°C to -1120°C. The intermediate G C T compared with that of the low
Ti steel is mainly due to N b decreasing the stability of Ti-rich nitride. Typical
particle morphologies in the Ti-Nb bearing steel slab are dispersed dendritic
T i N b ( C N ) particles and fine spherical N b T i ( C N ) particles. The dendritic
TiNb(NC) particles have cuboidal Ti-rich cores and Nb-rich arms. The arms
dissolve readily on reheating, leaving the cuboidal Ti-rich core which is
effective in grain boundary pinning. During cooling after reheating or rolling,
NbTi(CN) cuboids and/or spheroids re-precipitate, and TiNb(CN) dendrites
are absent in these cases.

Excepting the effect of Ti and Ti-Nb additions, the austenite grain coarsen
temperature ( G C T ) is also affected by thermal history and the holding time on
reheating. Pronounced grain growth can be caused by reheating to a higher
temperature for a shorter time or to a lower temoerature for a longer time. The
G C T was typically 50-75°C lower for a 4 hour treatment time as opposed to
0.5 hour.

Solution treatment and hot rolling can substantially decrease the GCT of the
Ti and Ti-Nb steel slabs due to the solution of fine (<~150A) TiN (or T i N b N )
particles during heating, which produces a smaller volume fraction of fine
particles and a larger m e a n particle size, thus diminishing the pinning
effectiveness on grain boundaries. Re-precipitation of fine particles during air
cooling after rolling only partially compensates for this loss. T h e finer
starting austenite grain size on reheating after solution treatment or hot rolling
is also a factor which decreases G C T .
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Ti and Ti-Nb additions can retard recrystallization of deformed 7 after rolling
in the stable 7 region ( > A r 3 ), especially after rolling at temperatures
<~950<>C.
After reheating to 1260°C and rolling at high temperatures (>1100°C), the
effect of Ti and Ti-Nb additions on retarding 7 recrystallization is not
significant, mainly due to the solution of the grain boundary pinning particles
of TiN and NbTi(CN). In the temperature range -950-1100°C, the retarding
effect of Ti and both Ti-Nb on 7 recrystallization is more remarkable, due to
the re-precipitation of TiN and NbTi(CN) particles during or after rolling.
W h e n rolling at low temperatures (<~950°C), Ti and Ti-Nb additions can
substantially retard 7 recrystallization, by raising the incubation time by 1-2
orders of magnitude and suppressing the recrystallization rate, due to reprecipitated T i N in the Ti steel and re-precipitated and strain-induced
NbTi(CN) particles in the Ti-Nb steel.

For the C-Mn steel, recrystallization of deformed 7 can occur after rollin
the whole reduction range. But for the Ti and Ti-Nb steels, after reheating to
temperatures higher than the G C T and rolling with reductions smaller than a
critical value (rc), abnormal grain growth can occur, resulting in serious grain
size inhomogenity, due to the solution of grain boundary pinning particles
(TiN,TiNbCN) and inhomogenity of strain induced stored energy, both of
which result in the local unpinning of 7 grain boundaries.

For each steel there is a critical temperature for 7 recrystallization (Tc
which recrystallization of deformed 7 does not occur, and deformed 7 retains
the pancaked grain shape. Ti and Ti-Nb additions raise T c to ~ 8 5 0 ° C and
9 0 0 ° C for the two microalloyed steels, respectively, compared with a T c
value for the C - M n steel of ~800°C.
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During and/or after rolling in the stable 7 region, 7 grains can be refined by
recrystallization. Further refinement can be approached by decreasing the
reheating temperature before rolling, lowering the rolling temperature, or
increasing the rolling reduction. However, 7 grain refinement is restricted
because the initial 7 grain size approaches a limiting value and cannot be
further refined by rolling in 7 stable region.
When rolling is performed at temperatures near the critical value (Tc),
deformation bands can form in deformed 7 grains and twin boundaries
become activated (incoherent). During subsequent cooling, the boundaries of
these substructures can act as nucleation sites for the a grains and thereby
refine the a grains formed from deformed 7.
Under the same reheating and rolling conditions in the stable 7 region,
compared with the C - M n steel, Ti and Ti-Nb additions lead to (i) finer initial 7
grains after reheating before rolling; (ii) retardation of recrystallization in
deformed 7, and (hi) suppression of the growth of recrystallized 7 grains,
resulting in finer recrystallized 7 grains, or higher volume fractions of
unrecrystallized 7 grains which can transform into finer a grains. These
effects are due to the undissolved and re-precipitated TiN particles in the Ti
steel, and to Ti, N b solute atoms, re-precipitated and strain induced
NbTi(CN) particles in the Ti-Nb steel, respectively.
The effect of Ti alone on retarding 7 recrystallization is weaker than the effect
of Ti-Nb additions, due to the lower amount of Ti than Ti-Nb, and the
smaller volume fraction of TiN than NbTi(CN), as well as the finer initial 7
grain size in the Ti steel than in Ti-Nb steel. However, Ti can exert a stronger
effect than Ti-Nb additions on suppressing 7 grain growth due to the higher
stability of TiN than NbTi(CN).
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Rolling in the (7 + a ) two-phase region can accelerate the 7 - > a
transformation. In undeformed and lightly deformed samples, a grains
nucleate mainly at 7 grain boundaries during and/or after rolling. In samples
rolled with reductions higher than the critical value, a grains nucleate at 7
grain boundaries as well as interiors, mainly at the boundaries of deformation
bands and twins. Ti and Ti-Nb additions can enhance this acceleration effect
by increasing the density of strain induced substructures and stabilizing them,
thus creating more nucleation sites for n e w a grains than in the C - M n steel.

Rolling in the (7+ a) region is a 'hot-deformation* of ferrite, and restor
of deformed a occurs during and/or after rolling, including dynamic and/or
static recovery, and static recrystallization. Deformed a grains change into
cell and/or subgrains or equiaxed grains, depending on the degree of
restoration, which in turn depends on rolling reduction, isothermal holding
time and the effect of Ti and Ti-Nb additions.
Recovery and recrystallization of deformed a proceeded rapidly in the C - M n
steel, but were sluggish in the Ti and Ti-Nb steels. The incubation time for
recrystallization of deformed a is retarded by 1-2 orders of magnitude in the
Ti and Ti-Nb steels compared with the C - M n steel, and the recrystallization
rate of deformed a in Ti and Ti-Nb steels was also retarded.

In the Ti steel, the retardation of recovery and recrystallization of defo
is due to the pinning effect of undissolved and re-precipitated TiN particles on
dislocations, a grain and subgrain boundaries. In the Ti-Nb steel, the
retarding effect on recovery and recrystallization of deformed a is due to the
combined effect of solute-drag by N b , Ti atoms in a, and pinning by reprecipitated and/or strain-induced N b T i ( C N ) particles on dislocations and a
grain and subgrain boundaries.
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The effect of Ti-Nb additions on retarding restoration in deformed a is
stronger than Ti alone, due to the higher volume fraction of NbTi(CN) in the
Ti-Nb steel than TiN in the Ti steel. However, the effect of Ti on stabilizing
strain-induced substructures in deformed 7 and accelerating nucleation of new
a in deformed 7 is stronger than Ti-Nb additions, especially in samples rolled
with m e d i u m reductions (15-30%), due to the higher stability of T i N than
NbTi(CN).
Ti and Ti-Nb additions produce finer initial 7 and a grains after reheating
before rolling, and stabillize the strain induced substructures such as
deformation bands and twins during and after rolling, both of which result in
a higher density of nucleation sites for the n e w a grains. Ti and Ti-Nb
additions also retard the recovery and recrystallization processes in deformed
a, resulting in higher volume fractions of dislocation structures, cells and a
subgrains. In addition, Ti and Ti-Nb additions suppress the growth of
recrystallized a grains. All of these effects lead to a higher volume fraction of
substructures andfinera grains and thereby higher hardness (strength) in the
microalloyed steels compared with the C - M n steel after rolling in the (7 + a)
two-phase region.
Rolling in the (7 + a) two-phase region is a 'cold-working' of austenite.
During and after rolling, recrystallization does not occur in deformed 7.
Restoration of deformed 7 is effected by strain-induced 7 -> a transformation
in highly-strained regions near the grain boundaries, deformation bands and
twins in deformed 7, and the strain induced stored energy in these areas is
released by this phase transformation.
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